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FOREWORD 


Under a lease approved by the President of the United States 
in May, 1972, Paraho undertook, in cooperation with the 
federal government, to demonstrate the engineering, economic 
and environmental feasibility and desirability of the Paraho 
processes and hardware for retorting oil shale. This Final 
Report to participants of the Paraho Oil Shale Demonstration 
is a six-volume document that describes the research and 
development operations, the engineering design and cost 
estimating, and the commercial evaluation studies carried 
out fromalate-19730topmaid-1976. 


THIS VOLUME 3 IS CONSIDERED CONFIDENTIAL UNDER THE 

TERMS OF THE PARTICIPANTS AGREEMENTS WITH PARAHO 
CORPORATION AND DEVELOPMENT ENGINEERING, INC. MORE- 
OVER, BECAUSE OF THE COMMITMENT TO THE GOVERNMENT NOT TO 
PUBLISH INFORMATION. PREMATURELY, DISTRIBUTION SHOULD 

BE STRICTLY CONTROLLED ON A NEED-TO-KNOW BASIS UNTIL 
AFTER THIS MATERIAL HAS BEEN PUBLISHED BY THE GOVERNMENT 
OR PARAHO. 


The field operations were conducted at the Anvil Points Oil 

Shale Research Facilities located on the Naval Oil Shale Re- 
serves near Rifle, Colorado. Administration of these leased 
facilities was transferred from the Bureau of Mines (BOM) to 
the Energy Research and Development Administration (ERDA) 


when the latter agency was formed in 1974. 


The Paraho Oil Shale Demonstration was privately sponsored 
by the following seventeen participants at a total cost of 
$9.4 million: 


Sohio Petroleum Company 

Southern California Edison Company 
The Cleveland-Cliffs Iron Company 
Gulf Oil Corporation 
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Arthur G. McKee and Company 
Kerr-McGee Corporation 

Shell Development Corporation 
Standard Oil Company (Indiana) 

The Carter Oil Company (Exxon) 

Mobil Research and Development Corporation 
Webb-Gary-Chambers-McLoraine (Group) 
Sun Oil Company 

Texaco Inc. 

Phillips Petroleum Company 

Atlantic Richfield Company 

Marathon Oil Company 


Chevron Research Company 


These participants received the right to license Paraho's 
oil shale technology on favorable terms for their support 


and cooperation which are gratefully acknowledged. 


The results of Paraho's operations at Anvil Points are 
encouraging. They demonstrate that the process works, that 
the equipment is operable and durable, that thermal efficien- 
cies and yields are high, and that the entire system developed 
is environmentally acceptable. The extended periods of 

Paraho retort operations and the results obtained demonstrate 
this. The evidence includes the 77-day Pilot Plant run and 
the 56-day Semi-Works run, both of which were terminated 


voluntarily. 


After the 56-day retort run, 10,000 barrels of Paraho crude 
shale oil were shipped to the nearby Gary Western Refinery 

and converted into military products. This federally funded 
work was done for the U.S. Navy's Energy and Natural Resources 
Research and Development Office. That Office coordinated 

the refining and the nationwide, refined product testing 


program and publishing a report entitled: 
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Production and Refining of 10,000 Bbl. Paraho Crude 





Shale 011 Into Military Fuels, U.S. Navy Contract 
#N0014-75-C-0055 


A retorted shale management research project jointly funded 
by the Bureau of Mines and Paraho will be completed in late- 
19/Goeteanl estimated additional cost of $0.5 milliomes At 
that time, a report entitled, "Retorted Shale Management", 


will be issued as the concluding volume of this report. 
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1 INTRODUCTION 


The Paraho Oil Shale Demonstration Project was a 
program to prove the Paraho Process and Hardware for retorting 


oil shale. 


The term "oil shale" is commonly used to cover a 
wide range of materials of laminated, solidified sediments, 
and Organic material, called kerogen.,.This.is a high molecular 
weight component of indefinite composition. It is insoluble 
in common solvents, but undergoes a destructive distillation 
or pyrolysis at temperatures above 600°F. This results in an 
"Oil" and some gas. The enatmal decomposition of oil shale has 
so far proved to be the only practical method of obtaining the 


oil from oil shale. 


Shale oil has been produced from oil shales in a number 
of foreign countries for several centuries. This production 
has been on a small scale. Small scale production has also 
occurred in the United States. Discovery of petroleum ended 


the United States shale oil industry in the middle 1850's. 


Paraho Corporation and Development Engineering, Inc. 
developed a vertical kiln technology and the hardware for thermal 
reactions. The companies used the technology and equipment in 
the limestone industry. Three large capacity Paraho kilns 
have been operating commercially for several years. Limestone 
is a geological kin of siesia re marlstone, and a number of 


analogies may be drawn. 
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This report covers the retort operations of the Paraho Oil 
Shale Demonstration Program. The project included a 4 1/2 foot 
O.D. Pilot Plant retort and 10 1/2 foot O.D. Semi-Works unit. Two 
operating modes were studied, namely a Direct Heated Mode and an 


Indirect Heated Mode. 


The results of the Demonstration Program show that the 
Paraho process works, that the equipment is durable, and the overall 
recovery of hydrocarbon material in the forms of oil and gas is very 


high. The entire operation is environmentally acceptable. 


1.1 -OBJECTIVES OF THE PROGRAM 


The principal objectives of the program were: 


o Demonstrate the operability of the Paraho 


retorts for processing oil shale. 


o Confirm that improved temperature and gas 
and shale flow controls will give oil re- 
coveries: 

Direct Heated Retort - 90% 


Indirect Heated Retort - 100% 
o Minimize the formation of clinkers. 


o Determine scale factors between 30 inch 
Pilot retort and 8 1/2 foot Semi-works 


retort. 


o Test performance of retorts on 25-35 gallon 


per ton shales 
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oOo Demonstrate the engineering and environ- 


mental feasibility of the Paraho technology. 


o Determine compaction characteristics of 


Paraho retorted shale. 


Oo Develop design basis for a commercial eval- 


uation. 


1.2 ACCOMPLISHMENTS OF THE PROJECT 
The operations of both the Pilot Plant and the Semi-Works 
Reterts demonstrate that the process works efficiently, that the 


equipment is durable, and acceptable environmentally. 


Extended operation periods of a 77-day Pilot Plant run 


J and a 56-day Semi-Works run evidence the operability of the process 


and the hardware. Because of the Projects' research nature, both 
extended runs were voluntarily terminated. Inspection of the equip- 
ment and the operation stability, indicate that the runs could have 


been extended indeterminately. 


Both retorts demonstrated good operability. When electric 
power outages occurred or auxiliary equipment malfunctioned, the re- 
torts could be placed on standby and left full of hot shale. When 
ready to resume operations, the equipment would be restarted and op- 
erations continued without having to empty, refill, and restart the 
retort. Runs given in Table No. 1-1 are noteworthy since extended 
Operations with high on-stream factors were demonstrated. On-stream 
factors of less than 100% indicates the retort was placed on standby 


for correction of malfunctions and operations were continued. 
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Table 1-1 


RETORT OPERABILITY 


RUN LENGTH  ON-STREAM 
RETORT RUN NO. PROCESS (DAYS) TIME 
PILOT PLANT EW: DIRECT 77.0 99.1 
HEATED 
PILOT PLANT 18 DIRECT oy We 94.6 
HEATED 
PILOT PLANT 19 DIRECT eral 99.8 
| HEATED 
SEMI-WORKS “oe DIRECT 56.0 88.4 
HEATED 
SEMI-WORKS 20 DIRECT 35.6 99.7 
| HEATED 
SEMI-WORKS 23 INDIRECT va 99.6 
HEATED | 
SEMI-WORKS 28 INDIRECT 10.6 | 100.0 
HEATED 


The Paraho kiln over all produced up to 92 - 96 Vol.% 
Fischer assay recovery of the liquid shale oil, and in addition 


from 8-12 of the kerogen heating value in a product gas. 


The Direct Heated Mode proved a liquid oil recovery of 
92°vVol.% F.A. and 96 Vol.% when the C;,+ oil is removed from the 
gas plus 7200 SCF/Ton of low Btu gas. The Indirect Heated Mode, 
when using an outside source for heater eae RE a iguid oil 
yield of 92 Vol% F.A. and 95 Vol% Cet with 500 SCF/Ton of high Btu 


gas. 


The Direct Heated Mode has demonstrated the burning of re- 
torted shale's residual carbon as a source of fuel. The Indirect 


Heated Mode heat requirement has been demonstrated at 380,000 Btu 
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per ton. 


In the Direct Heated Mode, the Semi-Works unit completed 
a 25-day confirmation run, including operation with variable studies. 
The pentane and heavier oil produced during this run averaged 96 Vol% 


of Fischer Assay oil yield. 


In the Indirect Heated Mode, the Semi-Works was operated 
for a number of exploratory and variable investigation runs. A 
30-day operability run-was completed, and some variable studies con- 
ducted during this run. A 12-day confirmation run was conducted 
with the best operating conditions producing a liquid oil yield of 
95 Vol% when the Cs+ oil is removed from the gas. This yield is 


before making fuel deductions for the external heater. 


Variable studies with high mass rates were conducted in 
both the Pilot Plant and the Semi-Works. Based on pounds of shale 
processed per hour per square foot, the Pilot Plant was tested above 
700 and the Semi-Works retort tested above 600 in the Direct Heated 
Mode. A wide range of process variables was studied including shale 
grade. Neither retort was tested to the limits of the process 
variables. Auxiliary equipment limitations also prevented extending 


process variations beyond the tested ranges. 


The shale temperatures in both retorts in the Direct Heated 
Mode were controllable in low ranges to minimize carbonate decom- 
position and maximize oil recovery and eliminated clinker formation. 
Both retorts were operated to accommodate fluctuations in shale size, 
shale grade, and processing over a wide range of conditions. No 


major differences were shown between the Pilot Plant and Semi-Works 
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> retorts under the same operating conditions including yields and 





product properties. 


Both retorts were capable of long standby periods, permit- 
ting repairs to auxiliaries or for power outages, with continued 


operation upon resumption of process flows. 


Operations of the Paraho retort shows that oil mist forma- 


tion can be controlled by a change of process variables. 


Paraho retorted shale does not require the use of water to 


control dusting after being placed in canyons near the retort. 
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2 SUMMARY 


The Paraho retort contains a number of patented 
features for accurately controlling the flow of solids and 
gases. The retort is relatively simple, with only two moving 
partes. it utilizes counter=current “flow and a gravity 
transport of shale through the retort vessel. The.process gas 
May De int roduced—intowthree different levels in the shale bed. 
The Paraho process involves the accurate control of the mixtures 
of the process gases as well as their bed locations to control 
bed temperatures. The Paraho patented processes include the 


Direct Heated Mode and the Indirect Heated Mode. 
2.1 BACKGROUND 


When heated, the kerogen in oil shale forms hydrocarbon 
vapors, fixed gases, and carbon which remains in the retorted 
Smale particles. The function of (the retort is to economically 


recover these energy values from the oil shale. 


The oil shales of Colorado, Utah and Wyoming are 
marlstones containing large quantities of dolomite, a mixture 
of magnesium and calcium carbonates. These carbonates decompose 
at elevated temperatures to form metal oxides and carbon dioxide. 
The endothermic decomposition rate is rapid for magnesium 
carbonate at temperatures above 1000°F and for calcium 
carbonate above 15000F. When the temperature ies retort 
containing oil shale is elevated, it will first stabilize at 
the magnesium carbonate decomposition temperature. When 


additional heat is available after decomposition of the 
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magnesium carbonate, the temperature will rise and stabilize 
at the calcium carbonate decomposition temperature. After 
decomposition of all the carbonates, additional heat will raise 


the temperature and shale particles tend to fuse together. 


In oil shale retorting, the endothermic carbonate 
a 





decomposition wastes heat and the produced carbon dioxide 
ee i 


a teteniieell 











decreases’the heating value of the product gases. Low shale 
aN aaa — — 
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retorting temperatures will minimize the carbonate decomposition 
and maximize the recovery of oil and gas from the kerogen in 
the oil shale at very high thermal efficiency, and eliminates 


Clinker formation. 
2 THE RETORT 


The Paraho retort is a stationary, vertical, cylindrical, 
refractory lined kiln, equipped with shale and gas handling 
devices. The retort contains a number of patented features for 
control of the process materials streams. The retort with only 
two moving parts, the grate mechanism and the raw shale feeder, 
is shown in Figure 2-1. The unit processes lump size solid 


material. 


The crushed and sized fresh shale is fed into the 
top hopper through a seal. “The shale particles are placed 
in the retort by a rotary distributor, uniformly across the 
surface of ty Re ewe bed without substantial segregation... The 
shale continuously flows downwardly, by gravity, as a moving 
bed. A patented grate mechanism, coordinated with the feed 


mechanism, removes retorted shale, while maintaining a constant 
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depth of bed. The discharged, retorted shale passes into a 





conical hopper and exits the kiln environment through a seal. 


Gas - air mixtures are injected into the shale bed 
at different levels. By varying the gas flow rates and mixtures, 


retorting conditions may be changed. 


A gas distributor near Che top of the shale bed and an 





intermediate gas distributor below the top distributor are used 

to inject process gases into the shale bed. These gas distributors 
@re tubular with a series of orifices along each side. The tubes 
are mounted horizontally along chords of the eyiinduracal TEtore. 

In the Semi-Works kiln, each level uses two distributors, while 

the Pilot Plant uses a single tube at each level. As the 
distributors are mounted in the bed, shale particles must flow 
Bround them. The bottom’distributors are inverted "Vv" shaped chan- 
nels built into the grate for injecting gas to recover heat from 
the shale bed thereby increasing the thermal efficiency of the pro- 
cess. The channels also direct the shale flow into the moving 
mechanism of the grate. The design of the distributor was 
developed and proven in commercial limestone calcination operations, 
where higher temperatures are required and conditions are more 


DeVeLr Gis 


The produced oil mist and gases are disengaged from 
the shale and withdrawn from the retort. One type of off-gas 
collector used is embedded in shale near the top of the bed. 
Incoming shale must pass over these off-gas collectors. Another 
type uses peripheral ports in the top cone of the retort above 
Phe surtace of the shale bed. A major factor in the high retort 
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thermal efficiency is the low off-gas temperature. 
220), DIRECT HEATED MODE PROCESS 


The Direct Heated Mode utilizes combustion in the 
shale bed produced by distributing air directly into the bed as 
the crushed and sized fresh shale moves downwardly, Figure 2-2. 
The shale is fed into the top of the retort and removed at 
the bottom so as to retain a constant bed depth. A top 
distributor set and an intermediate distributor set inject 
process gas-air mixtures into the upper portions of the shale 
bed. By controlling the quantity and the composition of these 
gases, several zones are created in the shale bed. The upper 
zone is a mist formation zone, which, also cools the produced 
hydrocarbon vapors and gas. It is in this zone that/ the oil 
vapors are formed into a stable mist. The shale then proceeds 
into the retorting zone, the area above the top distributor set. 
In the retorting zone, the organic matter in the shale is decomposed 
by the heat in the rising hot gases from the lower combustion zone. 
The decomposition of oil shale kerogen produces oil vapors and gas. 
A carbon residue from this thermal reaction remains in the 
retorted shale particles. The retorted shale then proceeds to 
the combustion zone below the retorting zone. In this combustion 
zone, the heat required to retort the shale is produced by 
combustion of the carbon residue and a small quantity of recycle 
gas returned to.the retort. The shale then moves downwardly 
from this hot zone to a cooling zone below the pAeened ate 
distributor set. In the cooling zone, the heat from the retorted 


shale is transferred to rising stream of cool recycle gas introduced 
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into the bottom of the shale bed through distributors above the 


grate. 


The recycle gas rising through the retorted shale 
acts as a simple and compact counter-current solids-to-gas heat 
exchanger. The temperature of the combustion zone is controlled 
by the composition of the air-gas mixture injected through the 
two upper level gas distributors. The accurate control of the 


air-gas mixture produces a high residual carbon combustion. 


The ability of the Paraho retort to control the bed 
movement, gas distribution and combustion with the multiple- 
level injection system, makes it possible to control heat 
release rate and maximum internal gas temperature. Control of gas 
temperatures improves the quality of the off-gas stream, 
lowers the heat requirements for retorting and increases the 
physical strength of the retorted shale. Lower heat requirements 
decrease air needs, which decrease nitrogen dilution in the 
product gas. The ability to keep the maximum temperatures 
under control, eliminated the tendency of the bed of shale 


anv the retort to fuse into clinkers. 
sie INDIRECT HEATED MODE PROCESS 


In the Indirect Heated Mode, Figure 2-3, recycle gases 
are heated in external heaters. These heated gases are then 
injected into the shale bed through one or both of the upper 
levels of gas distributors. Cool recycle gas is added through the 
grate distributor to cool. the retorted shale. The rising 
recycle gas is heated by the retorted shale and when mixed with 
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mie externally heated recycle gas, sufficieny heat is provided 
for retorting the shale above the top distributor. Oil mist, 

as in the Direct Heated Mode, is formed near the top of the bed. 
The incoming fresh shale cools the produced oil vapors, forming 
a mist which is entrained in the gas. The result is an fe. Uy ex & 
somewhat different characteristics than Direct Heated Mode oil, 


and a high BTU gas undiluted with products of combustion. 
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3 DIRECT HEATED MODE OPERATION 


Jee ENT RODUCTION 





The Direct Heated Mode process, Appendix F, drawing 
4, utilized combustion in the shale bed to supply the heat 
necessary for retorting. The products of this mode of 
retorting are mixed gases, oil and coke or carbon. The carbon 
is dispersedwithin the shale particles, and in this mode 
of retorting, it is burned in the retort as the principal source 


Oteneat for the process. 


Air for the combustion diluted with recycle gas is 
introduced through the two upper distributors. Only sufficient 
combustion air is injected into the bed to maintain the 
desired temperature profile while burning the carbon needed 
to supply the process heat. Recycle gas flows and products 
of combustion are controlled to provide enough hot gases to 
Tecort thesshale in the retort zone above the jtop distributors 


and above the combustion zone. 
3.2  RETORT CONTROL 


The Pilot and Semi-Works retorts have proven to 


be controllable and operable in the Direct Heated Mode of retorting. 


A prime requirement for good operation of this mode of 

retorting is a good startup procedure. The procedure must. 
establish the desired temperature profiles and heat inventory in 
all parts of the retort. This heat or thermal inventory must be 


developed in a controlled manner so the oil vapors will form 
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mist in the gas stream and not condense on the shale particles. 
Such a startup procedure was developed and is described in 


Section 6. 


In the Direct Heated Mode, temperature and gas analysis 
measurements were used as a guide to retort operational 
adjustments. The retort temperatures above the top distributor 
had to be high enough to maintain combustion. When the 
temperatures at this point are too low, oxygen will pass 
through the combustion zone and enter the retorting zone where it 
would consume oil values. If temperatures were lowered further, 
combustion above the top distributor would stop and oxygen would 
appear in the recycle gas. Successful re-establishment of 
combustion at the top distributor has been attained by slowing 


the shale rate. 


The temperature of the combustion zones were also 
Gontrolled by,adjusting the, ratio of air and gas flowing to 
the distributors for a given air rate per ton of oil shale. 
ToumonitoOr the temperatures in the retorts, temperature 
sensing probes were installed. Combustion reactions were also 
monitored by measuring the COj, CO, and O2 in the product gas. 
A rapid decrease in CO) indicates that combustion of oil had 


Startea stipplying part of the heat needs. 
a aaa aaa CN RN IT 


a ant cae RAAT TT 
———— ~ 


Early retort operations showed the most effective 
method of retort control for a given set of experiments was 
to maintain constant air and gas flows with the analog flow 


controls. The raw shale feed was set at a predetermined rate 
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with adjustments made to the rate if the measured retort 
temperatures and product gas analysis were outside a designated 
range. Varying the shale rate effectively changed the air 

and gas rates per ton of raw shale, which in turn changes 

the retort temperatures and the quantity of carbon dioxide 


produced by carbonate decomposition. 
eee OL PLANET OPMRABI LILY, 


The Pilot Plant proved to be “operable beginning with 
the first startup. Continued improvement in the raw shale 
storage and handling facilities in control techniques 
resulted in an excellent record of operability (see the Pilot 
Plant Operating Summary in the Bee ae. Section A). Although 
operable, wide fluctuations in the pressure drop across the 
retort was experienced in the early runs. Investigations 
showed the equilibrium was changing due to changes in the 
size ofthe shale being fed to the retort. , These changes, in 
shale size were a result of an accumulation of size segregation 
problems throughout the shale storage and handling system. 
Changes in operating procedures and a re-design of the surge 
bins and hoppers reduced the segregation and an equilibrium 


operation could be maintained. 


The retort operations were stable over a wide range 
of operating variables, feed characteristics, and ambient 
Conditions. A minimum Of control correction was found to be 
necessary to adjust for variations in shale size, shale gradation, 


shale fines, and moisture content of the raw shale feed. When 
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Major variations in the feed material caused upsets, operational 





recoveries were generally possible permitting retort operations 
to be continued. When auxiliary equipment malfunction occurred, 
the retort could be put on standby until it was corrected and 
the operation would be resumed. A standby was accomplished by 
stopping all gas and shale flows and allowing the retort to sit 
full of hot shale. When ready to resume operation all of the 
equipment is restarted and flows reset and it was not necessary 
to empty or refire the retort. Recovery from standby outages 
for major repair to equipment on the retort or auxliaries 


was achieved for standby periods of as long as 18 hours. Standbys | 





for short outages did not affect the equilibrium conditions. 


Operational stability was maintained for long periods 
of time and reguired only a minimum of operator attention. 
The Pilot Retort was operated in the Direct Heated Mode to 
supply an emergency source of purge gas for the Semi-Works 
Retort when the latter was operated in the Indirect Heated Mode. 
The Pilot Retort gave excellent operational performance and 
only required about 15 minutes of the operator's attention 
during each 8-hour shift. There was one Pilot Plant retort 


run of 77-days that had an on-stream factor of 99%. The 





retort was on standby for 1% of the time to repair control 
valves, blowers, and calibrate conveyor scales. The run was | 
terminated voluntarily due to a planned turnaround on the 

Semi-Works retort. Pilot Plant inspection showed the retort 

could have operated for a much longer period. The on- 


stream factor for a four month period was 95%. 
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3.4 PILOT PLANT VARIABLE STUDIES 


The variables of air and gas flow rates, shale mass 
rates, and shale size and quality were explored in the Pilot 
Plant operations. A broad range of operable conditions was 
achieved with minor effects on yields and product quality. 

A listing of all test data is given in the Appendix Section D-l. 
The Table 3-1 illustrates the range of variables studied during 


this program: 


TABLE 3-1 

Item Max _ Min_ 
fotal Agr .input. sCre/t. 7330 4240 
mir role TOLa "CO TOD Past. 16 100 46 
Razr OLrvrotal to Mid Distr ts 54 0 
Gas at Top Dist. 3% 50 22 
Gas at Mid Dist. 8 100 48 
Bottom Air. SCr/T 400 0 
Bottom Recycle SCF/T 5010 6620 
Total Recycle Gas SCF/T 1352.0 12810 
Mass Rate lbs/hr/f£t* 720 170 
Shale Top Size In. 2 Wess 
Shale Bottom Size In. LA 2. 3/8 
Shale Quality GPT eRe 18 


The effects of shale size and grade were not 
significant, within the range examined, on the dependent 
variables of oil yield, gas yield, and product qualities. 


There was a maximum Shale size limitation of two inches. 





The retort internal clearance did not area. hae pee flow of 
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shale particles larger than 2-inch, therefore only ranges of 





particles up to a 2-inch top size were investigated. 


No tests were made to determine the effect of shale 
particle size distribution or shape factor on the retort operation 


as the equipment in the crushing and storage plant was not 





capable of producing the retort feed necessary for this type 


of variable studies. 


The Mittie was’ tlot gearea”or equipped to selectively 
mine the thin, rich or lean strati. Therefore, shale grade 


could not be varied in a planned experiment. However, there 





was wide variation in grade as shown with no significant 


change in percent Fischer Assay oil yield. 


The division of air between the top and middle 
distributors was set at approximately 2/3 of -the* total air 
Mmoue co tiie top fOr a MajGr porcron GCE the “test” program. 

Good operability was established early in the program under 
these conditions and the vertical distribution was maintained 
to examine the effect of other process variables. Pilot Plant 
Run PP-19 explored a broad range of air distribution between 
the top and middle gas distributors. There were indications 
Of higner product O11] fluidity with higher percentage of total 


air going to the middle distributor. 


Changes in percentage recycle gas in the air-gas 
mixture used at the top and mid distributors affected location, 
depth of zone, and temperature on the combustion zones as shown 


by the bed temperature measurements. By decreasing the recycle 
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gas, a higher temperature and eebteR, combustion zone resulted. 
For this reason, a low recycle gas ratio was preferred at 

the top distributor, holding combustion close to the distributor. 
Therefore, gas mixture adjustments did not have to be made for 
different process conditions to maintain a desired temperature 
profile in the retort, for example test PP-16 B-3 and C-l, 
Appendix D-2. 

Recycle gas for the mid distributor was held high, 
usually about 50% of the total mixture, to lower the combustion 
intensity in this oe and to decrease the amount of recycle gas 
burned to obtain preferential carbon combustion and increase 


the depth of combustion above the mid distributor. 


Bottom recycle rates were generally set to provide 
adequate retorted shale cooling in the range of 300°F to 450°F. 
By increasing the bottom recycle rates, a greater heat recovery 
is obtained from the retorted shale, thus allowing an 
equivalent reduction in air requirements. However excessive 
bottom recycle gas rates can affect the heat transfer rates in 
the shale preheat zone near the top of the retort which 
gives poor oil mist formation characteristics. A broad range 
Of operable recycle gas rates was explored in the Direct Heated 


Mode. 


High mass rates were considered to be a major item 
of economic importance. For this reason, many of the early 
variable studies were directed toward this goal. Good operations 
were achieved at mass rates of up to 650 lbs/hr/ft2. This 


throughput was calculated on the weight of dry raw shale per hour 
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per square foot of bed cross section in the unrestricted section 
of the retort (4.909 ft2 for the Pilot Plant). A short period 
of operation was achieved at 720 lbs/hr/ft2 but problems 
occurred with auxiliaries, and the test was not repeated. 
Adjustment of gas and air orifice meters, bed heights, and 
distributor gas entry velocities would be necessary before 
problems associated with high mass rates could be clearly 


defined. 


A representative series of Pilot Plant stable operations 
representing a moderate range of variables is presented in 
Tables 3-2 and 3-30! Some individual test periods have been 
combined where operating conditions are comparable. Table 3-2 
is a brief summary of the operating conditions and yields. 
Table 3-3 shows the product properties of these tests and the 
relationship tof totaltair input to product gas quantity and 
G@Uatity is indicated. @2The total product gas quantity is a 
function of air input because the diluent gases present (mainly 
Nitrogen) arejjproportfonal to air input. Also, with a.greater 
air input more carbonates are decomposed producing more CO. 
Retorted shale properties change with the relative air 
rates (SCF/T) being used. When the SCF/T of air is increased, 
combustion temperatures are raised, more residual carbon is 
burned, and more carbonates are decomposed. These changes 
in retorted shale properties can be seen in the test data 
from Pilot Plant Direct Heated Mode operations, prance + Table 


D-2, Run PP-16, Test A-9 vs. Run PP-19, Test D. 


Oil properties show higher API gravity and lower 
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TABLE 3-2 


PILOT PLANT - DIRECT HEATED MODE OPERATING CONDITIONS AND YIELDS 


Combined 
Test Test 
No. Length,Hrs. 
A 16 
Des SZ 
B 10 
Bi, Cc, D=2 40 


Ao oye 120 


J 24 


Mass Rate 
Lbs/Hr/Ft 


Lei 
380 


633 


2 


OPERATING CONDITIONS 
Air “input 
TO Top ~Top. & Mid 


Total 
SCELT 
6,730 
4,330 
4,580 
4,750 
57390 


sy ETRE 


Dissise 


100 
76 
68 
70 
81 


56 


Gas, SCF/T Gas, SCF/T Wt? F.A. 


3,200 - 
2,980 
2,660 
2,570 
3,030 


2,110 


Bottom 


13,450 
10,110 
12,590 
12,820 
re a 


13,600 


PRODUCT YIELDS 


Oil 


Collected Gas (Wet) 


89 
Si 


SCE/T 


LO, I00 
S777 == 
5,350 — 
ae eo0 
8,080 - 


7746 = 
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TABLE 3-3 


PILOT PLANT = DIRECT HEATED MODE PRODUCT PROPERTIES 


Combined 
Test Test 
No. Length,Hrs. 
A 16 
Dip ome 32 
B 10 
7 C.,D~2 40 


J 24 


Total Air 
Input,ScF/T 


62730 
4,330 
4,580 
4,750 
5m 9 


57170 


PRODUCT. OLL sRROPERTIES 


rayity 
OnPrL 


136 
21.6 
2ini 
Zin 
20.4 


202 


1iSc. 


145 
88 
93 
96 

108 


112 


ams DO 


3 PRODUCT GAS PROPERTIES (Dry) 
om 2 ross Hea ing fa et 


@130 °F Carbon Wt? Volz 


62.6 
62.6 


65.1 


Vols 


28.6 
22.6 


BTU/SCF 


83 
a 
116 
So 

77 


124 


Farah 


Ramsbottom carbon content with the lower air input. Oil yield 





shows little variation with these changes. | 


The complete test data for the Direct Heated Mode 


Operations in the Pilot Plant is shown in Appendix Section D-2. | 
3.5 SEMI-WORKS OPERABILITY 


The demonstration of operability in the Semi-Works 
retort began with Run SW-74. This operation covered 56 days 
and achieved an operating factor of 88.4%. A complete summary 


of all retort operations is given in Appendix Section D-2. 





A 26 day conformation demonstration run for the 
Direct Heated Mode was made after correcting the mechanical 
and operating problems that were apparent earlier in the program, 
see Table 3-4. This run, SW-20, shows a 99.7% operating factor 
and provides the design basis for commercial evaluation. 
Five power outages accounted for 50% of the total time lost. 
An additional standby period was necessary for the repair of a 


retorted shale conveyor belt. 


Only a momentary effect of these standbys could be 
seen in the temperatures,products, or other data, amply 


demonstrating the stability of the process. 


During previous operations, standby periods of up to 


21 hours have been sustained in the Semi-Works retort. 


Operation was continued by restarting the equipment and resetting 


all-flows, without refiring. 
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MAJOR EQUIPMENT REVISIONS TO THE SEMI-WORKS PLANT 


TABLE 3-4 


Raw and Retorted weigh belt systems were revised to provide 


greater weighing accuracy and reliability. 


Gas sampling and analysis was revised including continuous 





O2 analysis and on-line gas chromatograph. 
Replaced and repositioned temperature-pressure probe. 


Installed a raw shale polishing screen to reduce fines in 


retort feed. 


Installed a coalescer and revised the oil handling system 


to increase the oil recovery efficiency. 
Installed condensate drains on all recycle gas lines. 


Double bottom rotary seals of a revised design were 


installed to reduce gas leakage. 





Revisions were made to the raw shale rotary distributor 


for improved shale feed. 


Revised the hydraulic system to improve control of the 


discharge grate. 
























































7 > 4 <) en ae Ht Ny :| ; 
A | \ AAs Fa 24 : 
San dh ea | ane) ae ee 
* v aan - : 
iT in, PA aisle 5 rates a 
| pi ah he Ae : a oF 
> Tuaita eaROW- TMH ‘or enor IVER TMS 
iz it = : a Y 
coe ee an BA 7a 
b-t Sam 
Pe Pete et | a 
| shivorq o3 beeives siew ameteye aied dpiow boss ‘ots! A be me, eA ) 
ia ss ; . 
| -ysilidsifs: bas yoswoos patdpiew - seetdakd. "1 7 
. , ; / ' \ Ti ie ou 7 
, f mm .. a ‘. ae 
evounisaoo paibutoai bozive: asw eteyfens bas ‘ond cama esd ‘ 


hs si 
Ii i en acco 26 ont tnd bas sheqine so ey q 


* - “- “ fs : 


A i 
.edo1g sivese1q-stutersqmet beans beoges bas anand ‘ss 
of 4 


. nt aesnit esoubst oF noeroe paidetiog SIsda wait 6 ‘pbbiasean’ a oe 
“4 ‘ al 


.b962 J1oOsex m 


eRe 


_— 


i ale 
- - 7 = 


- 7 
én fLto ss beeivex bns tecesisod s boliesaal 4 


oO 
a 
- & 
to 


| mateye pail 
- 
I 


-yors.to2te ytevovess Ilo ors Lamwannae od rf 


_ 






mie anal 
nee 
J = 


se 
* 
oe | 


Ty 
.eenil esp sioyoex ifs no eniexb osnaneban baliatent é 


: o 


. m- 
4 
¥ 
— 


2" 


stew npiesb beaiver 6 Yo efsse yxstor modstod een ae 


alee 
ene 


| 
| | sousanel esp soubor a bortadent © 
| totudixtetb yieson efsde ws1 ot oF ea ‘stew  anotelvon 


bee? “ besshy x + 


: 
| F } 
| | edt to Loxinos evoxgmt oF mesaye arte | Move von, 


Ff 


i 
4 


Pe ar 
Dede 


3 


————_————_—___— 


The off-gas collector systems for the Pilot Plant 
and Semi-Works retorts are shown in Drawings 8 and 9 in Appendix 
F. Gases leave the shale bed at a much higher velocity in the 


Semi-Works retort because of the greater reduction in flow area 


entering the collector. This change in flow pattern and velocity 


contributed to a greater amount of sediment carry-over from the 
Semi-Works retort as shown by oil analysis from Test Data in 


Appendix D-2 and D-3. 


A specific evaluation of the off-gas collection 


technique was made during Runs SW-12 through 16 by the removal 


of the submerged off-gas collectors. Other process and equipment 


changes completed at the same time, made an evaluation of this 
change difficult. These runs were not successful in sustaining 
a good operation anda return to the submerged collectors and 
lower distributor orifice velocity changes were made. The runs 
testing the elimination of collectors were hampered by several 
mechanical and operational problems that may have been 


responsible for the difficulties encountered. 


The process function of the air-gas distributor 
system used for the Semi-Works retort is the same in the Pilot 
Plant. The principles of air-gas mixtures and the effect 
of this variable were identical in both retorts. The 
mechanical configuration for the Semi-Works are shown on Drawing 


9 in the Appendix Section F. 
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The top distributors were redesigned following 
Semi-Works Run SW-5. The 10-inch water-cooled stainless pipe 
distributors were replaced with 6-inch water-cooled steel 
pipes to provide a 38% reduction in the resistance to shale 
flow. The objective of this change was an increase in retort 
operability for a wide range of process conditions. The 
results obtained in the demonstration Run SW-7 following the 


change, were a good indication of the success. 


Early Semi-Works runs encountered problems similar 
to chose of the Pilot Plant, with fluctuations in pressure 
drop across the retort because of changes in the size of the 
raw shale feed. These variations were closely associated 
with segregation that was occurring in the shale storage 
bins. Several changes in operating procedures and equipment 
including the addition of a polishing screen, drawing 1 of Appendix 


F, significantly improved the retort operation. 
3.6 SEMI-WORKS OPERATING CONDITIONS 


In Semi-Works operations, one objective was to 
demonstrate process operability and another to confirm the 
design basis for the commercial evaluation portion of the 
Paraho Oil Shale Demonstration. Concurrent with these 
operations, the effects of a wide range of process variables 
were investigated in the Pilot Plant. To demonstrate operability 
and product yields, operating conditions in the Semi-Works 
retort were selected from the more promising areas of investigation 


completed on the Pilot Plant. Therefore, many of the operating 
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conditions for the Semi-Works were duplications or near 





duplications of some of the Pilot Retort operations. 


As in Pilot Plant operation, lower total air input | 
reduced the oil viscosity. and increased the API gravity. 
Tables 3-5 and 3-6 show periods of stable operating conditions, | 
product yields, and product properties representative of high 


operability Semi-Works runs. | 


A complete listing of Semi-Works test data for the 


direct Heated Mode is presented in Appendix Section D-3 of 





this report. Theftest datagtabulation presents the results 


of 70 test periods. Variable investigations were not as 
extensive as in the Pilot Plant operations but cover a wide 


range of operating conditions. 


A typical particle size consist for Semi-Works operations 
achieved through the crushing and screening operation is 


shown by the screen analysis in Tables 3-7 and 3-8. A specific 





effect on retorting operations is the fines material carried with | 
the primary coarse and screened raw shale feed to the retort. 

As shown on Table 3-7, 5.1% of the feed material is finer than 

the 1/2 inch screen being used in the crushing plant. Good retort 


operation was maintained during Semi-Works Run SW-20 when as 





much as 8% of the feed material was finer than the 1/2 inch 
screen. 
Included in Table 3-7 are the calculated values Da, 


Da 
Dv, and Dv . Da is the area-oriented average particle diameter, 


ignoring the -8 mesh material. Dv is the volume-oriented 
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TABLE, 325 


SEMI-WORKS - DIRECT HEATED MODE OPERATING CONDITIONS AND YIELDS 
EEE EEE Oe ANY LAE 


Combined 
Test Test 
No. Length,Hrs. 
A-2 32 
A,B,B-l 80 
PC-1,2,3 40 
A,A-l 32 


A= = A=5 120 


MO = A-16 183 


Mass Rate 
Lbs/hr/f£t2 


422 


339 


404 


OPERATING CONDITIONS 


Air Input 
Total a Ue, 
SCE a 


5,80 
5,580 
4,700 
4,410 
4,560 


4,740 


67 
100 
67 
66 
82 


82 


Top & Mid 


Bottom 


15,140 
£37040 
14,570 
11,670 
11,820 


11,890 


PRODUCT S¥LEL0 


Oil Collected Gas (Wet) 
Top Dis Gas SCF/T Gas SCF/T Wt F.A. 


oe 
94 
94 
91 
90 


oP: 


SCF/T 


8,000 
9,190 
5,120 
7,240 
7,030 


7,070 
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TABLE 3-6 
SEMI-WORKS - DIRECT HEATED MODE PRODUCT PROPERTIES 
Combined Total __ PRODUCT OIL PROPERTIES ' PRODUCT GAS PROPERTIES (Dry) 

Run Test Test - ALr Gravity Vis.SUS “Ramsbottom N> CO>5 Gross Heating Val 
No. No. Length,Hrs. Input API @130°F Carbon,wt3 Vol.% Vol.% BTU/SCF 

SW-5 A-2 32 5,180 20.4 120 yey | 621 Bae, 113 

SW-7 A,B,B-1l 80 5,580 19.6 146 2322 61.5 26a 99 

oW-7  PC-1,-2;-3 ~ 40 4,700 22.4 95 1.48 64.5 22.6 127 

SW-19 A, A-1 32 4,410 21.4 90 2208 6207 28.5 129 
Sio20Asie a5. 120 4,560 23 91 Zee 64.5 24.5 122 


Sv=20en=S — B-16 183 4,740 21.4 88 1.40 66.3 24.0 118 
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TYPICAL 


TABLE 3r7 


RAW SHALE SCREEN ANALYSIS 





Data from Run SW-20 


SCREEN ANALYSIS 


3-18 


SIZE»; INCHES PASSING - WT% RETAINED - WTS 
2.50 97.9 ee 
2.00 84.8 BS.1 
1.50 52.0 32.8 
1.050 30.3 Bh ad 
OndA2” 15.0 25.3 
0.525 aye 9.9 
O.371 3.7 1.4 
0.263 Zieh Ls 
0.185 beg ae) 
0.093 ree 0.7 
PAN 0 dine 

Da = 1.080 
Dv = 1.464 
Dv/Da = L355 
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TABLE 3-8 
TYPICAL RAW SHALE 


SCREEN ANALYSIS OF’ PAN FRACTION 


Data from SW-20 


SCREEN SIZE PASSING - WT% RETAINED - WT 
+8 Mesh S309 3 6.05 

+14 Mesh 63.38 Hl 8 

+28 Mesh 44.4] 18.97 

+48 Mesh 29si6 é ye Pay ae 
+100 Mesh 16.49 YAVG7 
-100 Mesh 0.02 16.47 

% LOSS 0.02 

% of Pan 


NOTE: Analysis of pan fraction only from 
the 1.2% shown on Table 3-7. 


Ce 
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average particle diameter. Correlations of pressure drop, 


impaction, and yield data versus these values may be used. 


The retorted shale particles are quite friable, and 
therefore, breakage occurs when a sample is run through screen 
analysis equipment. This should be taken into consideration 
in reviewing the typical screen analysis shown in Figure 3-1. 
This figure shows the effect on handling the retorted shale. 
One sample was collected at the retorted shale sample 
hopper. Another sample passed through a 15 foot vertical 
chute to a 30 foot long, 16" diameter screw conveyor and was 


collected after a 10 foot vertical drop into a drum container. 


Data for specific operating conditions and yields 
representing the Semi-Works Direct Heated Mode of Operation 
is given in Table 3-9. These data are the average Of 13 test 
periods run at the same conditions. Gas and air flows were 
held within a 1.5% standard deviation and shale rate within 
2.4% between each test. A computer heat and material balance 
for these composite data is shown in Section 7 under Direct 
Heated Mode Computer Balances. The corresponding raw and retorted 


Shale properties are shown on Table 3-10. 


The product oil recovered and measured in the tanks 
for the Semi-Works retort were demonstrated as 92 wt% F.A. 
with a standard deviation of 4.4% between tests during the 
Semi-Works Run SW-20. This yield was verified by operations 


totaling 303 hours. Yield value is based on actual recovered oil 
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TYPICAL RAW AND RETORTED SHALE SIZE DISTRIBUTION 
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Figure 3-51 
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TABLE 3-9 


PARAHO DIRECT MODE OPERATING CONDITIONS 


AVERAGE DATA FROM SEMI-WORKS RUN SW-20 TEST A 


EXCEPT A-6 AND A-7 


Rates and Quantities: 


Ait to Top Digtreoucorm  SCr/T ' 3810 
Air to Mid Distributer” SCF/T 850 
Total Air SCF/T 4660 
Recycle to Top Distri. SCF/T 1360 
Recycle to Mid Distri. ScF/T 1320 
Recycle tosBtm Distri. “SCF/T 22110 


Total Recycle Gas SCF/T 14790 
Raw Shale Rate TPH 11.2 
Throughput Ln sy Goh areas 454 


Distributor Cooling Water GPM 80 


Miscellaneous: 


Retort press. drop in Hj0/ft 0 
Carbonate Decomposition wt% 27 
Retort Bed Height Ft. In. 25 be: 


sme 


Temperatures: 
Product Oil OF 
Retorted Shale OF 
Raw Shale . OF 
Off Gas OF 
Distributor Cooling 

WaterAT OF 
Top Distributor 

Inlet ee 
Mid Distributor 

Inlet oP 
Btm Distributor is 

Inlet F 
Yields: 
Oil Collected Gal/T 
Oil Collected Wt% FA 
Product Gas SCF/T 
Retorted Shale TPH 
Retorted Shale wt%RS 
‘Liquid Water lbs/T 


139 
384 
36 
145 
18 


ed 


pay. 


241 


24.8 
oe 

7200 
2:0 
81 
SE) 











TABLE 3-10 


PARAHO DIRECT HEATED MODE PRODUCT PROPERTIES 
AVERAGE DATA FROM SEMI-WORKS RUN SW-20 


TEST A EXCEPT A-6 AND A-7 (303 Hrs) 


Shale Properties Raw Shale Retorted Shale 
Moisture Content Wt% [O96 0.0 
Fischer Assay Gal/T 27.2 0.28 

IDI ss Oil Wts TO o 0.10 
F.A....Water Wts 1.66 0.16 
F.A...Gas + Loss Wt% 229 O%29 
Mineral CO, Wtt Avis til 15.86 
Ignition Loss Wts B32 01 Nis Pe 
Organic Carbon Wts N.A. ve 7 
Carbon Wts 17.05 6.30 
Hydrogen Wts 1.84 0.17 
Nitrogen Wt% Oz5r 0.21 


b-25 
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and does not reflect the naphtha fractions contained in the 





gas stream at operating temperatures. By adding the C5+ 
fractions from the product gas as shown by the Paraho Laboratory 
in the gas analysis, the liquid yield could increase to 96 wt% 


ee 


Product gas production for this series of tests 
measured 7200 SCF/T (wet basis). The heating value on this 
gas was 118 BTU/SCF,on a dry basis. By removing the C5+ 
fraction from the gas stream, its heating value would be 
reduced from 118 BTU/SCF (dry) to 91 BTU/SCF (dry). These C5+ 
fractions comprise only 25 SCF/T, so the total gas quantity is 


not appreciably changed. 





The C5+ fraction is shown in the gas analysis on 
Table 3-ll. This represents an average of the light and heavy 
naphtha fractions shown by the Paraho Laboratory. This same 
value was used for all Direct Heated Mode test data presented 
in the Appendix. The evolution of these gas analyses 


techniques continued through the entire retorting program. 


The calculation of the C5+ fraction is based on 
the average panei ty of light and heavy naphtha fraction 
shown by the laboratory analysis for Semi-Works Run SW-20 
and Pilot Plant Run PP-18. The naphtha fractions for both 
the Semi-Works and Pilot Plant operations are equal. The heavy 
naphtha fraction is obtained using a water cooled condenser 
at approximately 10 F which does not remove measureable quantities 


of hydrocarbons below the C5+ fractions. The light naphthas are 











TABLE 3-11 
PARAHO DIRECT HEATED MODE PRODUCT PROPERTIES 


AVERAGE DATA FROM SEMI-WORKS SW-20 
TEST A EXCEPT A-6 AND A-7 (303 HOURS) 


Product Oil Properties: Product Gas Properties (Dry) 
Gravity O apr 21.4 Gross Heat Value BTU/SCF 118 
Viscosity SUS @ 130°F 89.9 Specific Gravity LO 
Viscosity SUS @ 210°F 46.5 Analysis: Hj Vol% 2.50 
Ramsbottom Gabon wt% bt Na Vols 65.45 
Water Content Vol% 4.46 O5° Vols 0.01 
Solids, BS wt% 0.47 CO Vols 7.53 
Carbon wt 84.62 CH4 Vol% 2.19 
Hy drogen wt Tisov COz ‘Vol’ 24.14 
Nitrogen wt% 2000 C2H4 Vol 0.67 
C2He VOlS 0.62 
C3's Vol O71 
c4's Vol 0.36 
c5'sfVol% 0.41 
H2S Vol% OL 22 
NH3 Vol% Oa2k 
Moisture Vols Lin Sb 


3-25 
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obtained in a dry ice-acetone condenser which does remove some 
fractions, which are also analyzed by the Laboratory Gas 
Chromatograph (G.C.). A composite value of these naphtha 
fractions shown as C5+ was calculated by reducing the measured 
light naphtha fraction by 17% of the average C3's and 40% 

of the C4's and all of the C5's shown by the G.C. analysis of 
the gas. The percentage of light naphtha reduction for the 
C3's and C4's shown by G.C. analyses was calculated from 
special analysis of the gas before and after entry to the 
sub-ambient dry ice-acetone condenser. The adjusted light 
naphtha value was then ratioed to the heavy naphtha fraction by 
their respective molecular weights and the combined fraction 


shown as a C5+ content of the product gas. 


Most feed and product properties given in the 
composite of test data from Semi-Works Run SW-20 are 
| typical of the Direct Heated Mode operations on either retort. 
Raw shale properties change very little when good blending 
of mine run shale is maintained. During this run, the raw 
shale Fischer Assay analysis showed a standard deviation of 


only 0.27 Gal/Ton. 


Oil properties were uniform for Semi-Works Run 
SW-20. However, minor variations in viscosity, Ramsbottom 
Carbon, and gravity (CAPI) have occurred with changes in 
retort operating conditions during other Semi-Works and 
Pilot Plant runs. Moisture and sediment contents vary eek 
the raw shale moisture and fines content, retort configuration, 


insulation of off-gas piping, and ambient conditions. 


S726 

















$$ 


Gas properties are affected by a change in operating 
conditions. The increase in carbonate decomposition when a 
higher SCF/T of air is used,increaseswthe CO? and Ny content, 
Appendix D-3, Run SW-20, Tests A-5 and B. This results in 
a dilution of the remainder of the gas. Moisture content of 
the gas will vary with available moisture from the raw shale 


and the quantity of product gas being produced. Except for 





cool sections of the recycle gas system, condensation of 


moisture should not. occur. 


3.7 SPECIAL DATA 


Special data is defined as that data obtained from 
non-routine tests run on normal samples (recycle gas, crude 
oil, and raw and retorted shale). These data are usually 
not used in material balances and many have not been included 
in the individual run reports. Special data obtained by 
the Paraho Laboratory during Direct Heated Mode Operations 


are summarized in Table 3-12. 





During Semi-Works Run SW-20, a special test was 

made for recycle gas analysis. Representatives from the 
Atlantic Richfield Company obtained two gas samples 
using a sub-ambient cold trap technique for peaniers analysis 
of all components. The results of their test, Table 3-13, 
show a higher total hydrocarbon content and a higher heating 
value of the gas than obtained in the Paraho Laboratory. The 
gross heating value of the dry product gas based onthis analysis 
would be 162 BTU/SCF as compared to the 118 BTU/SCF previously 

hown b he Paraho Laboratory Data. If calculated on a C5+t 


3527 














TABLE, 3-12 


SPECIAL DATA - SEMI-WORKS 


DIRECT HEATED MODE OPERATIONS 


Sample 


Recycle Gas 
H»S, Vol% 
NH3, Vol% 


Raw Shale 
Total S, Wt% 


Retorted Shale 
Total S, Wt% 
Oil 
Total S, Wt% 


Viscosity, SUS, 100°F 


Mist 
Off-gas 
Lb/MSCF 
Dmmd , 


6g 


Coalescer 
Lb/MSCF 
Dmmd 


ESP 
Lb/MSCF 


Blower Discharge 
Lb/MSCF 


NOTE: Data are presented as follows: 


SEMI-WORKS 


(18)0.22 + 0.03 
(5)0.20 + 0.08 


ate 
je) 


(11)0.63 + 0.11 


s(OU 


fe 
jo) 


(11)0.90 + 


(14)0.59 + 0.05 
(18) 245 + 56 


(4) 0.005 


(2) 0000 


PILOT PLANT 


(30.27 0.07 
(3)0.26 + 0.15 
(2)0.76 + 0,03 
(5)0.80 + 0.12 


(5) 0.60 + 0.05 


—— 


(1) 


bh W OV 
Oo Oo OV 


number of tests 


(in parantheses) followed by mean value plus 
or minus one standard deviation. 


3-28 








TABLE 3-13 


DIRECT MODE PRODUCT GAS ANALYSIS 


ANALYSIS BY ATLANTIC RICHFIELD CO. - SEMI-WORKS RUN’ SW-20 
Analysis Dry Vol% 
Ho 4.36 
Oy + AE 0492 
No 64.15 
CH, 2.30 
co 1298 
CO2 Poa els 
CoH4 0.92 
C2H6 0.94 
C3He 0.45 
C3Hg 0.47 
C4's 0.40 
Cavs 0.16 
Co%s* One a7 
HS 0.22 
NH3 0.21 


Moisture Content 17.56 


Heating Value (Dry) BTU/SCF 162 


i oP 
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basis, it's effect on the potential liquid yield would show a 





calculated 100 Wt3 F.A. recovery. 


Contaminants of recycle gas (hydrogen sulfide and 
ammonia) are listed for both Semi-Works and Pilot Plant. 


Although the means for ammonia and hydrogen sulfide concentrations 





are about equal with no significant differences between the 
Semi-Works and Pilot Plant, the deviations of the individual 
Be aus are.@airly large... This indicates that better data 


could be obtained by continuous monitoring. 


Total sulfur was determined on raw and retorted 
shale and oil samples retained from five Direct Heated Mode 
runs. Although no rigorous sulfur balances were made with 
these data, an approximate overall sulfur balance (including 
the hydrogen sulfide in the recycle gas) ranges from about 100 


EOL 0s. 


Viscosities of Direct Heated Mode crude shale oil 
were measured at 100°F, primarily for comparison with the 
Indirect Heated Mode shale oil. The mean Saybolt viscosity 
at this temperature (245 SUS) is much higher than at 130° Fs 
Significant curvature occurs in the viscosity temperature 
relationships between temperatures from 100°F to 210°F. This 
indicates non-Newtonian behavior in this temperature range, 
probably because the cloud-point has been reached (wax 


crystallization) at the 100°F. 


Mist determinations on Table 3-12 show that there 


is not significant difference in the loading (#/MSCF), mean 


3—340 
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particle size (Dmmd), or geometric deviation (6g) 





Semi-Works and Pilot Plants. Mist determinations 
isokinetic sampling with minimum flow disturbance 
therefore, the mist data obtained at the site may 


as the flow at the off-gas collector is turbulent. 


between 


require 
lines, 
not be valid 


These data 


show that the Paraho oil separation equipment is effective. 

















4. INDIRECT 
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4 INDIRECT HEATED MODE OPERATION 


4.1 INTRODUCTION 


It has been recognized that the dilution of pyrolysis 
gas with the products of combustion could be avoided if 
retort heat requirements were supplied as sensible heat in 
a recycle gas stream. Gas heating equipment was added to 
the Pilot Plant and the Semi-Works Retort designs to 
obtain data uSing this Indirect Heating. The flow sheet 
of the Paraho Indirect Heated Mode is illustrated in Appendix 


Section F (Drawing 3). 
4.2 INDIRECT HEATED MODE PROCESS DESCRIPTION | 


The shale movement and its control through 
the retort for the Indirect Heated Mode process are the same 
as for the Direct Heated Mode process previously explained. 
Gas removal from the bed and the product oil recovery 


equipment also remain the same. 


The primary differences between the Direct and 
Indirect Heated Modes of operation involve the heating of 
recycle gas, and those items associated with the high 
heating value product gas. The quantity of product gas is 


approximately 1/10th that of the Direct Mode. 


A special startup procedure was developed for 
Indirect Heated Mode operations and is presented in Section 


6.2. An inert gas (Pilot Plant Direct Heated Mode 


gas) is circulated through the external heater and retort 
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until a suitable heat inventory and temperature profile is 
established in a moving bed of non-kerogen bearing rock. 
Then the rock feed is replaced with oil shale and the specified 


processing conditions are established. 


Similar to the Direct Heated Mode, the recycle gas 
blower compresses the clean gas from the electrostatic 
precipitator and recycles approximately half to the bottom of 
the retort and the other half through the external hot gas 
heaters. Approximately 3% of the gas handled is the product 
gas which for this program was burned in the thermal oxidizer. 
Hot gas piping and distributor systems must use alloy steels 
or other suitable high temperature resistant materials for 


this operation. 


The external heaters that could be timely obtained 
were not designed for the particular operation and they 
were proved not to be suitable for heating this high 
sulfur containing recycle gas. A description of the heaters 


and associated problems is given in Physical Description, Sec. 5.3.2 
4.3 PILOT PLANT INDIRECT MODE OPERATION 


The Pilot Plant preliminary operations in the 
Indirect Heated Mode defined the characteristics of the gas 
and the temperatures needed to minimize gas cracking. 
Due to heater limitations only operator training and process 
familiarization runs were conducted in the Seep tgase pees 
The Pilot Plant Operating Summary, Section A of the Appendix, 


identifies those runs. 
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with the flow of process gas in the annulus. Fins in the 


The external heaters were made of concentric pipes 


annulus were made of Inconel and deteriorated rapidly in the 
hot gas containing about 3% hydrogen sulfide. Rather than 
redesigning and refabricating the Pilot Plant external 

heaters, operations proceeded to the Semi-Works Plant where 


preliminary heater operations were satisfactory. 
4.4 SEMI-WORKS INDIRECT MODE OPERATIONS 


The Semi-Works Operating Summary in the Appendix 
Section B, identifies the Indirect Heated runs. Operability 
of the Indirect Heated Mode was demonstrated during Semi-Works 
Run SW-23 with a 31 day operation having a 96.6% on-stream 
factor. A total of 29 outages were recorded on the heaters 
accounting for 82% of the time lost. Most of these 
required less than a 15 minute duration to perform heater 
re-ignition procedures. In most cases, gas circulation 
was continued. An additional 18% of the lost time was 
attributed to two scheduled outages, one for the 
installation of the bottom recycle gas cooler and another 


for a raw shale weighbelt check. 


The difficulties with the external gas heaters 
during Semi-Works Run SW-23 were primarily related to the 
fuel oil burner system and its controls. These problems were 
corrected, greatly reducing the short-term outages on the 


heaters. 
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Metal deterioration problems in the heaters 


gradually increased throughout the Indirect Heated Mode 
program. Heater problems indirectly produced process upsets, 


which in turn limited the operational time on the retort. 


external heaters are discussed in the Section 5.3.2. The design 


/ 
| 
The general design problems and limitations of the 
requirements of gas heaters are well-known and for this 
reason are not expected to present a serious problem for 


future installations. 


Two unusual operating conditions were noted in the 
Indirect Heated Mode; a tendency to form a partial blockage 
of shale flow through the bed and a tendency towards high 
off-gas temperatures. The latter was not a serious 
operational problem since the temperature within the collecting 


system was controlled by the coalescer system. 


The problems of partial bed blockage are attributed 
to the larger diameter distributors required for the Indirect 
Heated Mode and numerous upsets in process conditions 
because of heater failure. It was necessary to change the 
top distributors in the Semi-Works retort back to the 
original 10-inch pipe size because they were the only 
distributors available that were suitable for the high 
temperature service. This increased the bed restriction 
between the ened hs Side walls and the distributor and increased 
the gas and shale velocities. This restriction increased 


the chances of partial blockage to solids flow in this 
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section of the retort. Generally, partial blockage did not 





9 result in a run termination. One effect of a blockage noted 
was an imbalance between the temperatures of the off-gas 
ports. Another was the increase in combined off-gas temperature 


resulting from a decreased bed volume for solids-gas contact. 


Operational control for the Indirect Heated Mode 
differs in many respects from that used for the Direct 


Heated Mode. Major differences are: 


1. Internal temperature changes and their response 
to process adjustments are rats slower in the 
Indirect Heated Mode because rapid changes 
in heat inventory are more difficult to make. 

Qa 2. The position of the hot gas entry is fixed within 
the bed. In the Direct Heated Mode, however, heat 
release will move with variations of the combustion 
zone. 

3. Control and operation of the external heater 
has been added to the plant complexity. 

4. Control of temperature of the recycle gas stream 
is necessary for collection efficiency in the oil 
collection system and moisture control. 

5. Hydrocarbon cracking within the heater is a function 
of the moisture content of the gas and the temperature 


of the metal exposed to the gas, and residence time. 


2 Control of the internal process relies primarily 


on bed temperature measurements and gas analysis. These values 


EshB 


must be used as a guide to adjust prescribed operating 





conditions of hot gas rate and temperatures, 


Control of the external heaters was achieved through 
an analog instrument system controlling heater outlet 
temperature; by regulation of the fuel to the heater burner. 
This sytem was used with a minimum of difficulty during 


this program. 


The volume of product gas made is less in the 
Indirect Heated Mode. This affects the moisture control of 
the recycle gas. Moisture content above 50% would result 
unless water was Ponda sed somewhere within the recycle gas 
system. With a product gas quantity of approximately 
700 SCF/T, or 1/10 that of the Direct Mode, excessively high 
moisture contents would be required to remove the water as a 


vapor in the product gas stream. 


A special moisture control method was devised 
for this mode of operation involving a gas cooler and water 
condenser in the bottom gas recycle stream. By controlling 
the gas temperature, any desired moisture level could be 
obtained in that stream. The moisture content in the recycle gas 
stream could be controlled as desired and was relatively 


uniform throughout the gas sytem. 


Complete temperature controi in the recovery system 
was also accomplished through coolers on the recirculating 
oil system for the coalescer. As a result, a highly 


efficient and stabilized operation of the oil-gas recovery 
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equipment was attained. As in the Direct Heated Mode, 


a properly insulated system should reduce the water in the 


product oil to a negligible quantity. 


The control of these gas and oil cooling systems 
was achieved with a simple instrument regulating the flow 
of cooling water through the heat exchangers. The closed 
circuit cooling water system was employed as the cooling 


medium. 


The upper temperature limit for hot gas entry was 
limited by the degree of cracking occurring in the recycle gas 
stream. It was desireable to maintain a maximum temperature 
to reduce the quantity of gas required for heat transfer 
while limiting the degree of cracking. Hydrocarbon cracking 
must be limited to prevent carbon deposition within the system 


and to prevent heat loss from its endothermic reactions. 
4.5  SEMI-WORKS OPERATING CONDITIONS 


While demonstrating the operability of the Indirect 
Heated Mode, variable studies were also made. A total of 
16 test periods were obtained during Run SW-23 under 
several different operating conditions. The results of these 
variable studies were used to establish the operating 
conditions designed to improve retort thermal efficiency for 


later runs. 


The heat input from hot gas affects the product 
properties and yields in the Indirect Heated Mode in the 


same manner as heat input in the Direct Heated Mode. When 
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the heat input is low, the volume of product gas is low, but 
its unit heating value is higher. At lower heat input, a more 
fluid oil is produced. Test periods A-4.1 and A-4.2 of 
Semi-Works Run SW-28 are shown individually on Table 4-1 to 


illustrate data reproducibility in the Indirect Heated Mode. 


With the exception of the external gas heaters, 
the reliability of all equipment had been previously demonstrated 
in the Direct Heated Mode operations and was again confirmed 


in the Indirect Heated Mode operations. 


Six operating conditions have been selected from. 
the Semi-Works Indirect Heated Mode to highlight the 
variations in thermal efficiency and operations demonstrated. 
The more significant operating conditions are shown in Table 
4-1 with the corresponding product properties shown on 
Table 4-2. Each of the six conditions shown produced a 
retorted shale having less than 1 gal/ton residual oil 


by Fischer Assay. 
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TABLE 4-1 


SEMI-WORKS - INDIRECT HEATED MODE OPERATING CONDITIONS AND YIELDS 


OPERATING CONDITIONS PRODUCT YIELD 


Combined Hot Gas Top Dist. . Top Dist. Oil; Gas(wet) 
Run Test Test Mass Rate input ** Gas Inlet Bottom C5 plus C4minus 
No..: No. Length,Hr. Lbs/Hr/Ft2 MBTU/T SCF/T T, CF Gas, SCF/T WtvSPeAs SCE/T 
SW-23 A-1 thru oe mae 584 18,500 1146 5160 90 1,480 
A-7 
SW-23 Ce 2a, ie 2 47 504 447 yA 3 Li76 . ~ 8460 é See 935 
-2.3 
SW-23 C=5ee- 16 529 442 kL, 750 1206 8430 88 eyes 
SW-28 Ct C-2 46 446 440 11,840 1197 7860 90 980 
SW-28 A-4.1 a 401 415 11,060 1298 i2Z,aro 95 2970* 
SW-28°- A-4.2 24 421 593 L0 7270 1299 Lv; oDU 94 AB fa 


* Gas production may be low because of unmeasured gas leakage through the heater. 


** Hot gas heat input at the top distributor inlet temperature, above the 77°F datum. 


» ree Saal) a4 


) 
Wy) 
“2 
“< 
a 
4? 
ole 
4 : 
aa j 
7 rn 


y haa Ap i 7 


mi 


ugits } tes ih eS fia, 
= 


| 
AL feast Bah ot heh nen 


~ 
i 
- 
= 
= 


b32hg 8 


il a w41 Wee sit 4 


4 


eubexscaxre: spoae gpe Sigh qscam- 


me 


P) 


; . @s@ Brogaccrou wah PS Fou psaynes Of Ouwesenxeg age Tesysés Fptondp eye 26 


\ 


es HOF Age pose qubn¢ we fye cob grerxrparcor ures ¢ 


in Ae oY * : 6 ox ff 
i , = 
P Vs, ss - te 


ry 


2 Pisce a ms 


i 










eh ee meee: 


ey 






OT-t 


Run 
No. 





SW-23 


SW-23 


SW-23 


SW-28 
SW-28 


SW-28 


Test 
No. 


A-1 thru 
A-7 
Ca2, 14 

= 2.25 
-2.3 

C=5 
C-1,C-2 
A-4.1 


A-4.2 


TABLE 4-2 


SEMI-WORKS RETORT - INDIRECT HEATED MODE PRODUCT PROPERTIES 


Combined Hot Gas 


Test 


Length,Hrs. 


152 


47 


16 
46 
iz 


24 


Input 


MBTU/T 


584 


447 


440 


415 


PRODUCT OIL PROPERTIES 


Gravity Visc.SUS 


Captl @ 130°F 


2062 


20.3 


108 


90 


90 
68 
83 


86 


Ramsbottom 


Carbon ,Wt% 


PRODUCT GAS PROPERTIES (DRY) 


H9 CO7 Gross Heating Value 
Vols Vols BTU/SCF 

26.5 292 636 

Pio Wa Line 870 

2.6 Lael 870 

24.9 1iSe9 886 

25.5 Ins 803 


24.9 15a. gl 
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4.6 DEMONSTRATION TESTS 





Representative operating conditions for the Indirect 
Heated Mode are shown in Table 4-3. They are average 
conditions demonstrated in tests A-4.1 and A-4.2 of Semi-Works 
Run SW-28. These values show a condition of high thermal 


efficiency as well as good operability. 


The scope of process variation in the Indirect 
Heated Mode as opposed to the Direct Heated Mode, is greatly 
reduced because of the requirements for high thermal 
efficiency. Minor variations in the hot recycle gas 
temperature can be madewith the following considerations: 

1. The upper temperature limit is determined by the 
degree of hydrocarbon cracking that occurs. Cracking 
is also influenced by the moisture content of the 
recycle gas stream. A control of 30% moisture 
was maintained during these studies using the bottom 
recycle gas cooler to remove water from the system. 

2. The increase in gas flow required to maintain the 
desired heat input into the system defines the 
lower input temperature. The closer this inlet 
temperature approaches the minimum bed temperature 
for complete retorting, the eeay the gas flow 
required and the lower the temperature differential 
between the gas and solids. Total gas flow through 
the bed is also increased, which is detrimental 
to the mist formation and Causes increased off-gas 


temperature. 
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TABLE 4-3 


PARAHO INDIRECT HEATED MODE OPERATING CONDITIONS 


DATE FROM SEMI-WORKS RUN SW-28 


Rates and Quantities: 
Recycle to Top Dist. SCF/T 10530 
Recycle to Mid Dist. SCF/T 0 


Recycle to Btm. Dist.SCF/T 11950 


Total Recycle Gas SCF/T 22480 
Raw Shale Rate TPH 10.2 
Throughput lb/hr/ft 414 


Miscellaneous: 
Retort Press drop in. H,0/ft. 1.4 
Carbonate Decomposition Wt? 2.5 


Retort Bed Height Ft. In. 24"6' 
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Temperature: 


Product Oil OF 
Retorted Shale °F 
Raw Shale °F 
off-Gas OF 

Top Dist. Inlet OF 


Btm Dist. Inlet °F 


Yields: 
Oil. Collected Gal/T 


Total Oil Yield C5+ 
Wt% F.A. . 


Product Gas SCF/T 
Retorted Shale TPH 
Retorted Shale Wt% RS 


Liquid Water Lbs/T 


147 
336 

40 
326 
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The yields of oil and product gas in Run SW-28 





for the operating conditions are shown in Table 4-3. The 
95 Wt% F.A. oil yield, as shown, represents the oil measured 
in the tank plus the calculated liquid obtained by adding 
all of the C5's and heavier naphtha fractions in the product 
gas stream going to the thermal oxidizer. The recovered oil 


without this naphtha addition was 93.5 wt% of F.A. 


The product gas production for these two test 
periods (Run SW-28, A-4.1 and A-4.2) measured 535 SCF/T 
on a wet basis. Possible internal process gas leaks may 
have occurred in the heater during this period thus reducing 
the measured product gas yield. This loss is indicated by 
comparing these results to those of other Indirect Heated 


Mode tests. 


The shale properties for the preceding tests are 


shown in Table 4-4 and product properties in Table 4-5. 


The computer program balances shown in Section 7.2 
Table 7-20 are based on raw shale weights and ash contents. 
Included as part of the computer program is the heat 
balance for the retort. This shows a hot gas input of 
402 MBTU/T at the top distributor based on the 77°R datum 
temperature. The corresponding heat requirement based 
on gas blower discharge temperature of 214°R to the gas 


distributor inlet temperature of 1299°F is 378 MBTU/T. 
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TABLE 4-4 


PARAHO INDIRECT HEATED MODE SHALE PROPERTIES 


DATA FROM SEMI-WORKS RUN SW-28 


Shale Properties 


Moisture Content Wts 
Fischer Assay Gal/T 
ee ees: Oh Ct F Wts 
F.A. ..-Water Wts 


F.A. .--Gas + LOSS Wt$% 


Mineral -CO9 Wt 
Ignition Loss Wt 
Organic Carbon ~ Wts 
Carbon Wt 
Hydrogen Wtt 
Nitrogen Wts 
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Raw Shale 


L.'23 
| 26.3 
10.02 
1.68 
2.03 
17.70 
32.02 
Dies ft 
16.16 
1.70 
0.45 


Retorted Shale 


0.0 
0.50 
0.19 
0.74 
0.62 
19.47 
23.32 
3.06 
8.37 
0.33 
0.34 
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TABLE 45 


PARAHO INDIRECT HEATED MODE pRopUCT PROPERTIES 


DATA FROM SEMI-WORKS RUN SW-28 


_Product Oil Properties: Product Gas Properties: (Dry) 
Gravity, Deg API 20; Gross Heat Value BTU/SCF 808 
Viscosity SUS @ 130°F 85.0 Specific Gravity O. 721 
Viscosity SUS @ 210°F 45.7 Analysis: Hy Vols Pha pel Bt 
Ramsbottom Carbon Wtg 1.93 No Vol’ 0.56 
Water eordant Vols 1.07 O02 Vol% 0.0 
Solids, B.S. Wt% 1.56 CO vols 2473 
Carbon wts 84.89 CH4 Vols B2.45 
Hydrogen Wt% 11.44 CO2 Vols 15.24 
Nitrogen Wt% 2.03 CoH, Vols 12.74 

C2H¢ Vols 4.52 
C3's Vol% 2.28 
c4's Vols 0.61 
H9S Vol% 2.82 
NH3 Vol’ 1.23 
Moisture Volt 28.82 
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4.7 PRODUCT PROPERTIES 





Product properties show only minor changes with 
operating conditions. The changes in gas composition are 
the most significant, occurring from both carbonate decomposition 
and hydrocarbon cracking from increased distributor inlet 
temperatures. This can be seen in the complete tabulation 


of Indirect Heated Mode data in the Appendix D-3. 


The Indirect Heated Mode product oil quality has 
shown lower viscosities than the Direct Heated Mode operations. 
Viscosities decrease with reductions in retort bed temperatures 
and increased efficiency of operation. Other associated 
oil properties such as pour point and API gravity also 
improve with lower viscosities as previously shown in Tables 4-1 


and 4-2. 


Retorted shale has a relatively high residual 
carbon and shows little change unless a condition of incomplete 
retorting occurs due to inadequate heat input or insufficient 
temperature. Some test periods shown for the Indirect 
Heated Mode reflect this condition, see Appendix Section D-3, 


Tests; SW-22 A-2; SW-28 Step 3, A-3, A-4 and A-4.4. 
4.8 SPECIAL DATA 


During Semi-Works Run SW-28 test period A-4.1, a 
special large size gas sample stream was processed for 
complete analysis of recycle gas. Representatives from the 


Atlantic Richfield Company obtained two gas samples using the 
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same techniques they employed during Direct Heated Semi~-Works 





Run SW-20. The amounts of cold trap condensates were 
significantly greater than shown by the Paraho control 
laboratory. The values are shown in Table 4-6 arean average 
of the two tests and include the H2S and NH3 values obtained 
by the Paraho Laboratory. The increase in the C5+ naphtha 
fractions represent an increase of 226 BTU/SCF in the gross 
heating value of the product gas on a dry basis. The 

effect on the liquid yield is most significant, raising the 
C5+ yield from the 95% shown to 98 wt? F.A. Therefore, all 
of the C5+ yields given in the Appendix, Section D-3, may be 
3 wt% low as the data reported are based on the Paraho control 
laboratory analyses. This change will also affect the 


hydrocarbon balances. 


Special Paraho Laboratory data obtained during 
Semi-Works Indirect Heated Mode operations are shown in 
Tabhe 4-7. Included are recycle gas contaminants (H2S and NH3), 


total sulfur, and Saybolt viscosities at 100°F. 


As in the case of Direct Heated Mode operation, the 
levels of hydrogen sulfide and ammonia are approximately 
egual. Both modes of operation have large deviations 


including wide fluctuations in the levels from time to time. 


Total sulfur data was obtained for crude oil and 
raw and retorted shale from two Indirect Heated Mode runs. 
These data do not differ significantly from Direct Heated 


Mode data. 
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TABLE 4-64 


INDIRECT HEATED MODE PRONUCT GAS ANALYSIS 


ANALYSIS BY ATLANTIC RICHFIELD COMPANY 


SEMI-WORKS RUN SW-28 TEST A-4,.1 


Product Gas Properties (Dry Basis) 
Gross Heating Value 

Specific Gravity 

Analysis: 


H2 Vol% 
No Vols 
O02 Vol% 
CO Vol1% 
CH, Vols 
CO2 Vols 
C2H, Volz 
CoH¢ Vols 
C3's Vol’ 
C4's Vol’ 
C5's Vols 
C6'st Vols 
H9S Vol% 
NH3 Vol% 
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1036 


-866 


22.95 
0.38 
0.01 
wie od 

30.20 

£4579 

11.34 
5.58 
3203 
0.77 
0.16 
4.20 
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TABLE 4-7 


SPECIAL DATA SEMI-WORKS INDIRECT HEATED MODE OPERATIONS 


Recycle Gas 


Hos! |) VOLS (9)" 2.07 + 0733 

NH3, Vols CS)872902 3 
Raw Shale 

Ss, Wts (3) 0.79 + 0.03 
Ret Shale 

S, Wte (3) 0:74 + 0.15 
Oil 

S, Wtg CES Oe? 1500005 

SUS, 100°F (18) 192 + 55 


NOTE: Data are presented as follows: number 
of tests (in parentheses) followed by 
mean values plus or minus one standard 


deviation. 
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Saybolt viscosities were determined at 100°F on 
the Indirect Heated Mode crude shale oil. The mean data 
(192 SUS) are not significantly reduced from the Direct 


Heated Mode data and some curvature still exists in the 


viscosity - temperature relationship from 100°F to 210°F. 


An attempt was made to determine mist characteristics 
during Indirect Heated Mode operations. Probes fitted with 
packing glands and gate valves were installed during a 
retort outage because of potential hazards, due to the 
flammability and toxicity of indirect recycle gas. However, 
the small opening in the probe tips plugged and no valid 


samples were obtained. 
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5. PHYSICAL DESCRIPTION 


5.1 DESCRIPTION OF PILOT PLANT 


The Pilot Plant was constructed to explore the 
broad process parameters for the retorting process. The 
results of these studies provided the basis for the 


confirmation and demonstration runs in the Semi-Works retort. 


The Pilot retort has a 1/4-inch mild steel plate 
shell of 4 1/2-foot outside diameter with an insulating lining, 
Getatned in Appendix E. wThe inside diameter is 2 1/2-feet 
and the cross-sectional area inside the lining is 4.909 square 


feet. 


The height of the retort vessel (from the retarder 
plate in the grate mechanism to the bottom of the raw shale 
level hopper) is 33.1 feet. The working bed height is adjustable. 
The overall height (from ground level to the upper rotary 


seal) is about 58 feet. 


A cross-sectional diagram Showing the retort dimensions 
and the position of the rotary seals, off-gas collector, 


distributors, and grate mechanism is shown on Drawing 8. 


The solids handling system (Drawing 2) shows the flow 
of material for both Pilot and Semi-Works plant starting with 
the conveying system from the shale storage area. ‘Crushed 
shale may be supplied from any one, or any combination, of four 


storage bins to a primary feed conveyor. As the crushed shale 
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leaves the primary belt conveyor, it passes over a motorized 





diversion gate used for sampling the raw shale for either Pilot 
or Semi-Works plants. Descriptions of the sampling systems 

are in the Laboratory Report. The crushed shale flows through 
the sampler gate to a short reversible belt conveyor that is 
used to divert the shale supply to either retort surge hopper. 
The shale is withdrawn continuously from each surge hopper by 

a vibrating feeder - weigh conveyor system and fed to the top 


or the retort, 


The raw shale level control hopper on the top of 
the retort is used as a surge between the weighbelt conveyor 
and the retort. Shale feed rates are adjusted to maintain 
a constant level in the raw shale feed hopper. The hopper 
has a surge capacity of approximately one ton of material. The 
retort mass rate is controlled by the hydraulically operated 
Grate at the,»bottom.of thesretort... Correlations.of grate 
strokes and raw shale feed rates serve as a guide to establish 


a steady processing rate with only occasional adjustments. 


The raw shale descends from the level control 
hopper, through a telescoping chute arrangement that is used 
for bed height adjustment within the retort vessel and into 
the retort. As the shale moves through the various zones, 
it passes around the top and mid distributors within the retort 
and continues to the discharge grate at the bottom of the 


Tretont. 


The details of construction for the level control 
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hopper and telescoping adjustment system are on the retort 





cross-sectional drawing (Drawing 8). 


The discharge grate mechansim consists of two side 
baffles used for bottom recycle gas entry and one pusher 
bar mechanism set on the single retarder plate. The retarder 
plate prevents free flow of material out of the retort. Shale 
discharge will only occur with reciprocal movement of the pusher 
bar. Sloping plates guide the shale bed toward the pusher bar 
which is alternately pulled by a hydraulic cylinder from each 
side of the retort. The pusher profile is carefully contoured 
to cause a laterally uniform descent of the shale throughout the 
retort cross-section. As the material is discharged from the 
retarder plate, it drops into a collection cone at the bottom of 
the retort. From there, the retorted shale passes through a 
double rotary seal system and drops onto the retorted shale 
conveyors. The LOtary seaic ac .ie bottom Of tle” retorc” act’ to 
retain internal gas pressure while discharging retorted shale. 
A purge gas is installed between the two rotors to assist in 


preventing leakage of gases through the seals. 


As the retorted shale leaves the double rotary seals, 
it drops onto an inclined weighbelt conveyor, past a 
diversion gate for sampling, and to the disposal conveying 
system. This retorted shale weighbelt is similar to the raw 
shale feed weighbelt. Retorted shale from both the Pilot 
and Semi-Works retorts join to a common disposal conveying 
system as shown in Drawing 2. An alternate bypass chute 


arrangement was installed to provide an alternate method of 


= 
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retorted shale disposal through the sampling system and out to 

a screw conveyor to the retorted shale disposal pile. During 

the use of this bypass arrangement (required for separating the 
retorted shale from both retorts during a simultaneous operation), 
sampling of the retorted shale can be accomplished only by grab 
samples rather than the usual continuous and automatic sampling 


operations. 


The gas handling system for the Pilot Plant is shown on 
Drawing 3. Off gases from the shale bed leave the shale 
interface between the telescoping feed chute and the retort wall 
and are removed at a single collection point through a six-inch 
off gas line at the top of the retort. Using a pressure tap in 
the off gas line, a pressure controller adjusts the product 
gas valve position to maintain a slight positive pressure in the 
top of the retort. The off-gas containing oil mist passes through 
the six-inch line to the coalescer and then to the electrostatic 


precipitator for oil separation from the gas. 


Clean recycle gas is piped to the suction of the 
seven stage Hoffman recycle blower and pressurized. The 
discharge of the recycle gas blower is diverted to four 
different lines for measurement and control; the bottom recycle 
gas line, the mid and top distributor gas lines, and the 
product gas vent line going to the thermal oxidizer. A common 
upstream pressure tap and temperature measurement is taken 
for these orifice runs. Each control loop consists of a 


controller, a throttle butterfly valve, and an orifice. 
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A seven stage Spencer blower using a suction 


filter supplies, air. for, combustion. purposes at all 


three distributors levels. Similar to the recycle system, 





the discharge of this blower is diverted to three lines of 
the bottom, mid, and top distributors for air supply. A 
common upstream pressure tap and thermocouple are used for 
all orifice runs and a butterfly control valve maintains 
positive flow control for each air entry point. Air is 


injected into the recycle gas lines for mixing prior to 


nozzle is used for this purpose. 


| 

Les cntiuyuinto the distributors... A bigh velocity, injection 
For Indirect Heated Mode operations, the gas lines 

to the mid and top distributors are diverted through two 

vertical external gas heaters before entering each distributor. 

Arrangements for the Indirect Heated Mode operations are 

Made using a system of blinds to divert the gas stream 

through the heater system. All materials of construction downstream 


of the heaters are of 304 stainless steel to provide temperature 


and corrosion resistance for hot gas operation. 


The distributor system in the Pilot Plant 
consists of a single 4-inch stainless steel pipe using a 
row of injection orifices on each side of the pipe for proper 
gas distribution. A common circulating cooling water system 
is used to maintain temperature control of these distributors 
for Direct Heated Mode operation. During Indirect Heated 
Operations, the distributor water cooling system is drained 


and vented to prevent cooling of the hot gases being supplied 
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from the external heater, 


The mist separation and oil recovery for the 
Pilot Plant include a coalescer and electrostatic precipitator. 
The coalescer system is designed to remove about half of 
see | a en ne 


the mist prior to the final cleanup in the electrostatic 


precipitator. The coalescer, consisting of a system of sprays 





followed by a knockout chamber, removes mist from the gas stream 
with negligible pressure loss (Drawing 11). The electrostatic 
precipitator is a wet type unit originally purchased by theU.s. 
Bureau of Mines in the 1950's. It was installed to remove oil 
mist for the Pilot Plant operation. During proper operation, 
Oil recovery, determined from mist analysis, exceeded 99%. 

An accumulation of oil within the coalescer recirculating tank 
overflows by gravity and joins the electrostatic precipitator 
product stream going to storage. A gravity oil drain and 
sealing system equipped with heat tracing and insulation to two 
rundown tanks is used for both the electrostatic precipitator 
and the coalescer. Two rundown tanks are employed for the 
Pilot Plant, each having a cone bottom and a capacity of 
approximately 35 barrels (about one day's operation at high 


shale rates). 


Instrumentation for the Pilot Plant, shown on Drawing 
3, includes a temperature-pressure probe device within the 
retort bed for measurement for bed temperature and pressures. 
This temperature-pressure probe consists of a two-inch stainless 


pipe equipped with 14 thermocouples spaced at two-foot intervals 


and five pressure points as shown on the retort cross-sectional 
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diagram (Drawing 8). These bed temperatures and other gas and 





Oil temperatures throughout the Pilot Plant are recorded 

on multi-point strip chart recorders. Bed pressures and 

orifice differential pressure leads are connected to manometers 
on the control panel. All gas and air flows are recorded 

on miniature ticetines: charts in the analog controllers on the 
control panel. The manometer readings, weight counter readings, 
and many temperatures are recorded hourly in the control room by 
the retort operators. Cooling water rates are measured and 
temperatures in and out of the distributors recorded for 


calculation of heat loss to the cooling water. 


The hydraulic circuitry includes an electrical 
alarm on a delay relay to indicate grate stoppage. Electrical 
interlocking is used to turn off the air blower when the recycle 
gas blower fails. A secondary override for the air blower is tied 
to the startup propane valve to prevent propane injection during 


startup periods in case of air blower failure. 


An on-line gas chromatograph, a continuous oxygen 
analyzer and an Orsat apparatus are used to monitor components 
Ot the reayele gas. A switchover system permits monitoring 
Pilot or Semi-Works operations. An on-line gas chromatograph 
continuously monitors these gases: oxygen, nitrogen, carbon 
monoxide, carbon dioxide, methane, ethylene, and ethane in the 
recycle gas stream. Attenuator switches permit monitoring 
of the gas in either the Direct or Indirect Heated Mode of 


operation. 
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5.2 DESCRIPTION OF SEMI-WORKS PLANT 


The Semi-Works Plant was used to provide data for 


commercial evaluation and design basis. Selected operating 


conditions on the retort was used to demonstrate 


and confirm the design criteria used for the commercial 


@valuation. 


The retort is shown in Drawing 9, and detailed in 
Appendix EePeLt 1e8aehO LA2-LooeteolprPeylPndrtGatYvéssel having 
an outer shell of 1/4-inch steel plate: The 1-foot thick 
retort lining has been altered from a circular cross-section 
to provide flat walls parallel to the air-gas diseedpaeorut 
The circular section has an internal diameter of 8 1/2-feet 
and the flat walls are 6 1/2-feet apart giving an unrestricted 


cross-sectional area of 49.25 square feet. 


The retort construction, auxiliary equipment and 
instrumentation are similar to that of the Pilot Plant and 
unless otherwise stated the equipment function and 


description will be the same. 


The increased retort diameter requires two air-gas 
distributors at each level and two parallel pusher bars for 
the grate discharge mechanism. The height of the retort 
vessel (from retarder plate in the grate mechanism to the 
bottom of the raw shale level hopper) is 41 1/2-feet and the 


overall height is about 72 feet. 


ate 


4 shin 
























: ; » wn) POT ; wet ee zon pm 
202 s636h ebivorg oa feng mise 


‘g ii 
pritdszeqo besoolee -2iasd mpieeb f 


* 
i 


_, 936x32n0mah ot been aew ped. 


[eiszemmos edt tot eer iddiecdea phe: 


€ 
» ny ‘7 


be 7 ’ » = 4 
q > 4 ‘ of 4 


‘nannl 
tt bolisseb “bas ,@ paiwsxd nt pom et droge oat er 


pnived feeaev Isofrbatiyo .d/0 soot-S\l ors et 3 (2 Rie 


Anidds too?-I sdt loexsiq Lease Hoat=b\'36 Liode “te me 


a > = 


noitoea-seorD 3asludtis s mort Boxes Is eda eed prtete Bhs 


LOOSE | 


-erotudiztzelb esp-1ris siz oF Lelisxéq ei fow seit obiverq ¢ 


taot-S\f 8 to redemsib tensestad as asd nolsoge 1telusuto ail 


nv 


aw 
yetoizsesinu 16  patvie tisgs teoi-S\l 3 ozs ehiev teLR ea bas | 
* 2 


2992 Siéupe 26.0) to 5ot8 i ar 
vos 
a toy 


- , 
ie + i. 


ins Jaomgiups yreifizos MOL IouxI ENO rotor od? hae 


bas tusig tolrge sdze to tans OF Sarees és tol sedneaertsian 7 
bas aottonu? Teepe eri basede eaiwxed3o: extn 


us 


+ 28168 ons od fftw notsqt 


esp-ite ows ast tupet enn 10492 onsirons oat 9 
102 eatad xeifaug foi fsisq ows bas fovel | 068 24 
J1059% eit Bo siptod ont - ‘eeibned 

sits of! sta Khedbem: state ott ak ovata 


rR 
odd bas s902- NE iy bt treqqoit rovers 





i ‘ 
,* A A 7 = 

a + 0h; yaa pea 
pe cet : ri il 


Ca 
Vy arma? Po ey “ce 





> , 
ere Cree! fs too aie | 





G24 


The retorts use a common raw shale supply system 
from the storage bins through the raw shale sampler to the 
surge hoppers (see Drawing 2). The raw shale surge hopper 
for the Semi-Works retort contains approximately a two-hour 
shale supply for normal operations. Shale level is controlled 
with a high level shutoff switch to the feed conveying system 


and a low level alarm system. 


Shale leaving the surge hopper passes over the 
vibrating feeder to a bucket elevator which feeds a 
second small surge bin. The small surge bin (only a few 
Minutes capacity) for the elevator discharge is used to supply 
the vibrating feeder which feeds the raw shale weighbelt. A 
high and low level control is used to maintain a shale level 
in this small surge bin. The weighbelt-feeder system for the 
Semi-Works unit operates similarly, but its capacity is 


approximately ten times greater than the Pilot Plant. 


A diversion chute from the Semi-Works weighbelt 
conveyor provides a method of weight calibration and check 
by routing the shale to a truck for weighing. Under normal 
operations, the discharge from the weighbelt conveyor passes 
directly to the top rotary seal and into the ievel control 


hopper at the top of the retort. 


The level control hopper for the Semi-Works 


retort discharges into a rotating solids distributor which 


spreads shale across the full diameter of the retort to control 


particle size segregation as the shale enters the retort. 
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Solids flow around submerged off-gas collectors 
and descend through the Semi-Works retort as previously 
explained in the Pilot Plant description. The Semi-Works 
retort differs from the Pilot retort in that it uses submerged 
off-gas collectors and has two distributors for the top and 
middle air-gas entries and two parallel pusher bars and retarder 
plates for the discharge grate mechanism. In the bottom of 
the retort, there is a single retorted shale collecting cone 
and a double rotary seal assembly. The retorted shale discharges 
from the retort onto a retorted shale weighbelt, and from 


there to the retorted shale sampling and disposal system. 


Two parallel off-gas collectors are installed 
across the retort bed normal to the straight sidewalls. 
They are half-pipes with vertical skirts extending downward 
to effectively cause the gases to exit the shale lump surface 
and enter off-gas ports. The ports are manifolded and are 
joined in a Y to a single pipe leading to the oil recovery 
equipment. Temperatures are recorded from each of the 
four discharge ports. The single pipe contains a thermocouple 
which represents a composite of the individual port 
temperatures. After leaving the oil separation equipment, the 
recycle gas is compressed in a seven-stage blower for 
distribution to the recycle system as shown in Drawing 4. 
For the Direct Heated Mode, another seven-stage blower is 


used to supply air for injection into the gas lines. 
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for the Indirect Heated Mode operations is similar in 





The gas heating equipment for supplying hot gas 


function but of different design than that employed for the 
Pilot Plant. The Semi-Works external heaters are fired with 
No. 2 fuel oil and have six horizontal tube banks, designed 
to heat the gas to 1400°F. An additional change for Indirect 
Heated Mode operations in the Semi-Works unit was the 
installation of the gas cooler - knockout pot arrangement for 
the bottom recycle gas. The function of this is to control 
the water vapor in the gas going to the heater by condensing 
and removing water from the system. A temperature controller 
is used to measure downstream gas temperature and to control 


the flow of cooling water to the water jacket of the cooler. 


The product gas is burned in the thermal oxidizer. 
During the Indirect Heated Mode operation, the volume of 
product gas was much less than the Direct Heated Mode and 
therefore a small control valve was used on the product gas 


line. 


The oil recovery system for the Semi-Works retort 
is of similar design, construction, and operation as that 
in the Pilot retort. A number of minor differences in the 
piping were made to remove oil from both the electrostatic 
precipitator and coalescer. These differences are shown on 
Drawings 4 and 5+ Rundown tanks for the Semi-Works retort 
each provide capacity for about eight hours of operation. 
For details of the shale oil rundown and storage system, 


see Section 5.4 Auxiliary Systems. 
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The temperature - pressure probe used in the 
Semi-Works retort is located as shown on Drawing 9 and the gas 
analysis equipment is manifolded so that the gas can be 


analyzed from either plant. 
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5.3 MATERIALS HANDLING EQUIPMENT 


This section describes the equipment as well as 
limitations of the solids, gas and oil handling systems of the 


Pilot and Semi-Works plants. 
Seek OLDS 


Raw shale preparation includes the stockpiles 
and primary crushing and screening through the storage and 
distribution system as shown on Drawing 1. This complex 
was installed in 1946 and because deliveries of desired 
equipment were so long, it was necessary to use the equipment 
that was available, most of which was old and in poor condition. 
The system cannot adequately control particle shape factor 
or size distribution. Primary crushing is accomplished in a 
Blake jaw crusher, built in 1919, which reduces material to 
approximately 5 inch maximum lump size. From there, the 
crushed shale is conveyed to a double deck primary screen. 
The oversized material is crushed in a secondary double roll 
tooth crusher. Products from the secondary crusher are 
recycled back over the screen to acquire the size product 
specified for retort operations. By varying screen size 
and crusher settings, feed material from a top size of 1 1/2 
to 4-inches is produeed in this crushing and screening 
operation. The undersize material is removed as desired 


by the lower deck screen and discarded to a fines pile. 


The sized shale from the screen is transported 


by a system of belt conveyors to four storage bins consisting 
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of three 80-+ton bins with cone bottoms and one 1,000-<ton 





bin. Shale removal from the 80-ton storage bins is accomplished 
with vibrating feeders equipped with perforated decks for 
fines removal and the 1000-ton bin equipped with a vibrating 


feeder without fines removal equipment. 


The shale is transported from the feeders by belt 
conveyors to a polishing screen where fines are removed 
prior to being conveyed to the retort surge hoppers. The 
fines waste belt conveyor from the bin discharge feeders 
is also used for emptying or recirculating the bins. All 
bin discharge and conveying equipment is controlled from 
the retort control room, thus providing complete flexibility 


in blending or switching bins. 


The variation in screen analysis of the retort feed 
is used to evaluate the crushing operation performance and 


to control crusher maintenance and adjustment. 


A primary requirement of retorting operations 
involving crushed and screened material is the proper 
control of particle size distribution. Even though 
crushing and screening facilities may provide a properly 
sized raw shale product, this size distribution must be 
maintained through storage and handling facilities to achieve 
a minimum of variation in the actual feed to the retort. 
To meet the tonnage requirements for retorting, it was 
necessary to make maximum use of available shale storage 


facilities even though problems of particle size 
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segregation existed in the bins, Particle size segregation 





occurred while filling and emptying the four storage bins. 

A system of baffles installed in the bottom of the 80-ton 
storage bins aggravated this problem and retained fines 

which could be removed only after a complete emptying of 

the bins. Particle size segregation problems were also 
detected in the surge bins at the Pilot and Semi-Works retorts 
and within the level control bins at the top of the retorts. 
The surge bins feed arrangement was changed and the level 
control mechanism within the retort feed bins was repositioned, 


which alleviated some of the segregation problems. 


An associated problem with particle size 
segregation involves shale with high surface moisture. Due 
to lack of enclosed storage, the mine run shale is trucked 
to a large open area stockpile before feeding the crusher. 
This open storage pile is exposed to all weather conditions, 
the worst of which can cause serious problems. The natural 
adhesion character of the wetted fines cause them to stick 
to the larger particles and be carried through the system and 
into the retort. This in turn causes high retort pressure 
drop together with restricting the gas piping flow and 


contaminating the product oil. 


The following additional problems were experienced 
in the old plant: 
1. Excessive maintenance on old equipment 


2. Inadequate: storage capacity 














3. Inadequate crushing capacity 


4. Screen inefficiency 


5. Design restriction for additional equipment 


Under item 5, the surge bins for the Pilot and Semi-Works 
plants were designed into the existing retort structure 
used for former operations. These restrictions resulted in 


a poor design that contributed to segregation of particles. 


Fines, surface moisture and particle size 
segregation were shown to affect retort operations. However, 
the retort tolerance of these effects was proved in a 56 
day run in the Semi-Works retort through the severe winter 


weather conditions. 


Particle size segregation always occurs when a 
mixture of different sizes of particles is allowed to seek 
its angle of repose. Segregation also occurs during a 
gravitational flow in wee from a smaller to a larger 
cross-sectional area. This principle is present in the Pilot 
retort telescoping chute feeding device but caused only 
minor particle segregation due to a small change in diameter 
between the telescoping chute and the retort. The effects 


are not evident in the data or operation. 


The Semi-Works rotary solids distributor assembly 
consists of four feeder legs. One pair. of legs places the 
shale in a ring near the retort wall and the ADRES pair 
places the shale in a ring near the center of the retort. 


This minimizes segregation in the flow of shale from the 
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smaller hopper into the larger retort cross-section, but 





will not correct for particle size variation in the feed to 


the retort. 


The linear grate mechanism installed in both Pilot 
and Semi-Works retorts controls the solids flow throughout 


the retort cross-section. 


The results of cold flow tests made with typical 
retort feed in both retorts confirmed the uniform movement 
of solids. The initial tests in the Pilot retort confirmed 
the residence time of particles moving through the bed is 
independent of particle size or position within the retort. 
In the first Semi-Works cold flow test, the standard 
deviation of all particle residence times was 7.6%. A portion 
of this variance was caused by the slower movement of the 
shale adjacent to the straight sidewalls of the retort. The 
pusher bar contour was modified and a subsequent cold flow 
test showed a standard deviation of all particle size residence 
times at 4.2%, an overall improvement over the first test. 
This standard deviation compares favorably with the Pilot 


Plant value of 4.3% for all particle size residence times. 


Operational experience of the grate mechanism on 
both retorts uncovered some problems that required adjustment 
and alterations during the program. Problems with early 
unstable control of the discharge mechanism were traced 
to initial design of the hydraulic system. Pressure loss in 
the hydraulic line from the hydraulic supply system to the 


retort was being affected by variation in the ambient 
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temperature and uninsulated lines. This was corrected by 





proper tracing and insulating of the system. A problem of 
flow restriction was caused by undersized lines. Larger 


hydraulic lines were installed which corrected this problem. 


During the early runs on both the Semi-Works 
and Py rot Plants, frequent failures of hydraulic cylinder 
seals and packing occurred. This problem was traced to a 
buildup of material on the is tat rods that was not removed 
by the rod seal/wipers. A laboratory analysis of the material 
indicated the presence of magnetic iron dust as one of the 
contributing components of this buildup material. An 
extension box was mounted between the hydraulic cylinders 
and the retort discharge cone. A new sealing arrangement 
to prevent gas leakage was constructed around this connecting 
rod assembly. The failures of hydraulic cylinder seals 


caused three runs in the retort to terminate. 


After revisions, the Semi-Works plant completed 
122 days of actual retort operations with only two outages 


due to hydraulic cylinder problems. 


The rotary seals limited the size of material 
that could be fed to the retorts as they will pass only 
minus 3-inch raw shale. During Semi-Works Runs SW-14 
through SW-18, 3 1/2-inch raw shale was processed by removing 
the rotor in the top rotary seal. The retort was filled with 
2 3/4-inch shale to protect the lower rotary seals during start- 
up. The 3 1/2-inch shale was then added. Once retorted, 


3 1/2-inch material passes through the bottom rotary seals 
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with no problems, 





In early operations, occastonal overload due to 
shale particles locking in the top rotary seals caused 
drive shear pins to fail, A delay in feeding operations 
resulted until a new pin could be manually installed. To 
decrease these interruptions, the seals were equipped with 
momentary torque limiting electrical overload protection 
having automatic reset, manual reversing switches, and 
coupled with an alarm. Through this improvement, the operator 
could remotely operate the seal and relieve the blockage without 


leaving the control room. 


High wear rates were experienced with the original 
rotary seals in the Semi-Works retort prior to Run SW-12. 
The original rotary seals in the retorted shale service 
were replaced with newly designed double rotary seals 
having a low rate air purge to the endbells. There were no 


further problems with the seals. 


The handling of retorted shale from the rotary 
seal discharge to disposal was by a system of conveyors 
and chutes. Much of the retorted shale was loaded into 
trucks and transported to the retorted shale management 
research area. The remainder was placed in the disposal 
canyon. A stacker conveyor was added during the changes 
proceeding Semi-Works SW-12. The conveyor is equipped with 
a motorized swivel movement system that greatly reduced the 


direct handling requirements for retorted shale disposal. 
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Dry type dust collection that is properly designed 


and installed works quite successfully controlling retorted 
Shale dust. Retorted shale dust can be adequately controlled 
by either confinement or dry type dust collection in all 
areas. Fugitive dust from the disposal pile is not a specific 
problem. A minor problem of dust picked up by a thermal 

draft did exist on the disposal pile caused by a stream 

of warm retorted shale moving down the angle of repose on 

the pile. This can also be controlled with dry type dust 


collection except during periods of excessive wind conditions. 


The retorted shale weighbelt presented many 
difficulties throughout the program. Intermittent high 
temperatures caused by upset operating conditions’ resulted 
in belt expansion and deterioration which affected the 
accuracy of the weight measurements. Test data presented 
in this report uses the raw shale weights and the ash 
measurements in the raw and retorted shales to calculate the 
retorted shale weights whenever the measured weight causes 
the ash balance to be outside the range of 99-101 weight 


percent. 
5a 3. 2a6GAS 


The Pilot and Semi-Works retorts are equipped 
with rotary seals to allow shale into and out of the retort 
and minimize leakage of air into or gas out. During Semi- 


Works Runs SW-14 through SW-18, the rotor was removed from 
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the top seal to accommodate larger size shale feed. Control 





of air in-leakage and product gas loss was attempted using 
top pressure control. Because of the gas valve actions, this 
control was not adequate and the rotor was again installed 


in the seal. 


Gas loss through the rotary seals varies with wear 
to the seals and operating conditions. A method was developed 
to measure these gas losses from both the top and bottom 
rotary seals. [In this report, the gas loss through 
the rotary seal has been added to the product gas quantities 
for Indirect Heated Mode cata. The data does not account for 
the proportionately small seal loss in the Direct Heated 


Mode. 


Bed height adjustment in the Semi-Works retort 
is made by the addition of extension skirts to the off-gas 
collectors. In the Pilot retort, an adjustment of the 


telescoping shale feed chute is used for this purpose. 


After leaving the retort, the recycle gas 
passes through the oil mist recovery equipment to the 
recycle gas blower. All major piping and vessels between 
the retort and suction of the recycle blower was insulated 
to prevent exposure to extreme weather conditions. A foam 
type insulation was used to prevent condensation of moisture 
thus reducing the moisture content of the product oil. A 
substantial decrease in water content of the product oil was 


shown following insulation of the pipes. 
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The recycle blowers are multi-staged and capable 
of developing 150 inches of water discharge pressure. All 
blowers are generally operated below design capacity and 
often below their cyclic surge line. To prevent surging 
within the blower at low capacity, a bypass system is used 
to recycle a portion of the gas from the discharge back to 
the suction stage. Both Pilot and Semi-Works blowers 
are operated without their suction stage impellers to 


reduce excess pressure and compression temperature rise. 


A liquid removal system is required on each 
blower stage to keep the blower free of collected water 
and oil. To alleviate this problem, a line skimmer removes 
the liquid flowing along the pipe surface immediately 
before its entry into the blower. Both the skimmer and the 
individual blower stage drains are then piped to the rundown 


tanks for measurement and sampling. 


The Semi-Works recycle blower was dismantled 
for inspection only once during the program and accumulated 
sludge and polymerized oil were removed. This was done prior 


to Run SW-12. 


The pressure requirements for the Ecasinisim system 
generally are small compared to the pressure available from 
the blower. The individual pressure drops under typical 
Direct or Indirect Heated operations on the Semi-Works 


retort are shown in the following table 5-l. 
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TABLE 5-1 
PRESSURE DROP THROUGH THE RECYCLE GAS SYSTEM 
Direct Indirect 


In. of H370 In. of H20 


Retort Shale Bed 26° 26" 
Top of Shale Bed to 2 O22 6 to 8" 
Recycle Blower Suction 

Permanent Loss caused by 70s ole hE Wg Pipe ae Wed tle 
Orifice Differential 

Control Valve Variable Variable 
Gas Heater = aged 8" 
Distributor Piping 2 ta bot Zbtoel 0" 
and Entry 

TOTAL - Maximum Total 50? 64" 


Less Control Valve 


The heating of recycle gas in the Indirect Heated 
Mode is achieved in the multi-tube, six pass, horizontal 
heaters for the Semi-Works retort. For the Pilot retort, 
a vertical single pass, alloy steel, finned - tube heater 
was used. Many problems occurred with their operation which 
greatly limited operational time in the Indirect Heated Mode 
for both retorts. The ability to maintain continuous heater 
operations for the Semi-Works Indirect Heated Mode was shown 
by the ability to operate without coke deposition in the heater, 
hot gas system, or on the inlet tube header. The ability to 
remove all of the oil mist was responsible for the clean 
inlet tube header and moisture control of the gas stream 


controlled the coke deposition. 


The Pilot and Semi-Works external heaters were 


not the best design for this service. They were obtained 
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as a compromise as heaters designed for this type of service 
could not be delivered in time for use in the program as 
scheduled. The Pilot Plant Indirect Heated Mode never 

reached an operable condition before failure of these heaters 
occurred. The Semi-Works heaters accounted for a major amount 


of lost time during these operations. 


The maximum temperatures for processing were 
limited by the heater capability on both the Pilot and Semi- 
Works plants. The Pilot retort was not able to operate above 
1300°F. The Semi-Works heaters achieved a 1300°F gas inlet 
temperature at the distributor and approximately 1400°F at the 
heater discharge. The Semi-Works heaters were limited by 
maximum firebox temperatures and recycle flue gas temperatures 


based on the manufacturer's recommendations. 


Problems with the Semi-Works external heaters 
involved breaks in the tubes, tube sheets, and expansion 
bellows which allowed process gas to escape into the firebox 
section. Heater problems also limited the operations in the 
Indirect Heated Mode to a single heater operation. The 
proposed two level hot gas entry as performed for Direct 
Heated Mode operations was not achieved in the Indirect 


Heated Mode. 


The Pilot Plant external heaters failed when the 
Inconel fins deteriorated and prevented gas flow through the 
heater. The fins appeared to have carbonized and melted 


during the operation. 
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Very few operational problems occurred with the 
air-gas distributors, except during periods of oil mist 
carry-over from the recovery system. During early Semi-Works 
runs, when some oil mist may have been recycled, a problem 
of coke buildup on the orifice openings restricted the gas 
flow. Later Semi-Works operations, such as the 25-day 
Direct Heated Mode demonstration run, showed no evidence of 


a distributor coking problem. 


The process air supply for each retort is a multi- 
stage centrifugal blower similar to the recycle blower. 
The discharge of the Semi-Works air blower is partially 
vented to atmosphere to prevent pressure surging. To limit 
excessive capacity and prevent pressure surging, a restricting 
orifice is used on the suction of the Pilot Plant air 
blower. Both machines are equipped with dry suction filters 
to remove dust. There were no operational problems with 


either process air system. 


Gas and air measurement is made using a sharp 
edge orifice plate meeting the design standards of the 
American Gas ASsociation. Orifice plates cause a permanent 
pressure loss but are highly reliable, easy to maintain, 


and known to have an accuracy of + 2% when properly installed. 


Gas and air flows are recorded continuously 
on miniature circular charts. The differential pressure 
leads are connected to manometers for better readability. 


Flow rates were calculated using the procedures in "Principles 
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and Practice of Flow Meter Engineering" by Spink (Foxboro Co.). 





The computer program listing is Table 7-1 in Section 7.1. 


A low rate air purge is used through all gas 
differential pressure and static pressure lines to free them 
of oil. This air purge or bubbler increases the reliability 


of the measurements. 


All gas and air orifice taps are equipped with 
line drains to remove trapped liguid. Periodic checking or 
draining of these drain lines is done during operations. The 
drain valves are maintained in a closed position except 
during periods of liquid drainage. All accumulated oil or 
water is then piped to the rundown tanks for inclusion in 


product oil for measurement. 


Some locations of product gas loss have been 
previously described (top and bottom rotary seals); other 
minor losses were identified. These losses occurred sometimes 
at the blower seals, the hydralic cylinder seal boxes, the 
distributor packing glands, during liquid drainage, and 
through other minor leaks within the system. In the Indirect 
Heated Mode, internal leakage into the heaters was known to 
be a major loss during some operations. The largest 
unmeasured gas loss was the recycle blower shaft seal. This 
was essentially corrected prior to Semi-Works Run No. SW-27 
when an enclosure and a return line to the suction of the 
blower was installed. None of the minor gas losses have 


been measured or accounted for in the reported data except 
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for heater gas loss when identified. 





The pressure at the top of the retort is regulated 
by a pressure controller which positions the product gas 
control valve. This procedure provides very small pressure 
. fluctuations. During Indirect Heated Mode operations, a line 
containing a small control valve was used because of the 
reduction in product gas quantity of approximately 10 to 1 
compared to the Direct Heated Mode. Only during periods of 
extreme upset or excessive gas loss did problems occur in 


this control technique. 
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The oil mist particles produced in oil shale retorting 
processes are very small. Average particle diameter is only 
3 microns. It is carried through the shale bed in the gas 
stream without appreciable impingement upon the shale 
particles. Because of the small particle size, specialized 
collection equipment is required. The equipment used for 
the collection of such minute particles ina gas stream 
should also meet many other requirements which are as 
follows: 

1. The collection must be continuous. 

2. The equipment must be capable of handling the liquid 
ort products 

3. The collector must have a very low pressure drop. 

4. It must withstand the temperatures and physical 


and chemical conditions of the gas and oil. 
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5. The collector should be inexpensive and easy to 





CONSTIUCL. 

6. The collection efficiency should be high. 

7. The unit should be self-cleaning and suited for 
long continuous service with a minimum of operator 
and maintenance attention. 

8. It should have low power requirements. 

9. The collector should minimize contamination or 


Gz luriong Oc produck O11. 


Numerous collection devices have been tried 
during the experimental work on other similar retorting 
processes. Results of previous work showed the electrostatic 
precipitator to be the most suitable single piece of apparatus 


for. this service. 


The initial oil recovery system for the Paraho 
retort was made using an electrostatic precipitator as the 
Single collection device. During the testing of the 
Indirect Heated Mode in the Pilot Plant Run PP-11 and the 
testing of high mass rates on the Semi-Works Runs SW-8 and 9, 
the ESP collection system efficiency decreased. Coalescers 
(Drawings 10 and 11) were designed and installed, to improve 
Oil recovery. Their collection principle is to coalesce 
the oil mist particles with a cool oil spray system and 
then to remove the larger particles by impingement. By 
controlling the degree of cooling and the quantity of oil 
spray used, a control of gas temperature is also achieved. 


Mist removal in the coalescer is approximately 50% under most 
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operating conditions, thus lowering the input loading of the 





elecstrostatic precipitator by 50%. The system has minimal 
pressure drop. A correction in the gas entry to the Semi-Works 


electrostatic precipitator during the installation of the 





coalescer also helped overall recoveries. 


The installation of the coalescer system also 
stabilized the electrostatic precipitator operation at all 
times on both the Pilot and Semi-Works retorts, resulting in 
fewer problems of mist recovery. The total system achieves 
the nine requirements previously listed, and in addition, 


provides a method of temperature control for the gas stream. 


An additional change was made to the coalescer 
prior to the final Indirect Heated Mode operation on the 
Semi-Works retort starting with Semi-Works Run SW-21. The 
baffled section of the coalescer was converted to an oil- 
gas contactor using 2-inch Pall rings. This was done to 
to provide better gas contact with cool oil. This addition 
was made within the gas passage area of the impingement 


section. 


Experiences during the Indirect Heated Mode 
operations, show no increase in collection ePeicisney from 
the packing section addition. However, cooling of the gas 
stream was easily accomplished. Temperature control was 
always maintained. Periods of sediment carryover existed 
but no problem in plugging of the coalescer impingement or 


packing sections was noted. Additional pressure drop resulted. 
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The oil, after collection, is piped directly to 





‘rundown tanks for measurement and sampling. Initially the oil 
drained by gravity. The Pilot Plant operated satisfactorily 
with the gravity drain system. Minor problems occurred in 
some earlier runs in the Semi-Works retort with sludge 
blocking the drain lines inthe gravity overflow system. 

During Run SW-12, a change in the system allowed the oil 

to discharge to tankage through a bleed line from the pump 
supplying spray oil. After the installation of the coalescer, 
sediment is removed with the coalescer oil, reducing 


problems in the electrostatic precipitator and recycle gas 


pipes. 


All oil handling systems require heat tracing 
- and insulation in order to maintain temperatures above the 
pour point of the oil. During shutdown conditions, this 


is also required to prevent freezing during cold weather. 


The oil rundown and storage tanks systems are 
Shown in Drawing 6. Steam-heated, insulated tanks are used. 
The only precautions taken to retain the volatile fractions 
within the oil is to maintain a minimum temperature on the 


oil during storage. 


Both sediment and water separate readily in storage 
tanks. The water condensed in the bottom gas cooler used 
in the Indirect heated Mode operations is separately 


gaged and sampled. 
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5.3.4 RETORT WEAR RATES 


An inspection of the Pilot and Semi-Works retorts 
and associated equipment was made to determine the extent 
of wear during the operating period from mid - 1974 to 
April 1976. The following is an outline of the equipment 
examined and explanatory remarks. 

Pilot and Semi-Works Retort 
Solids 
Raw Shale Screen Feeder 
Raw Shale Weighbelt 
Raw Shale Rotary Seals 
Raw Shale Level Control 
Raw Shale Distributor 
Retort Lining 
Discharge Mechanism 
Moving mechanism including pusher, 
spacer bars, clevis etc. 
Fixed components including inverted V's, 
retarder plates, etc. 
Hydraulic cylinders 
Hydraulic lcircurtry 
Volume controls 
Retorted Shale Discharge Cone 
Retorted Shale Rotary Seals 


Retorted Shale Weighbelt 
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Gases 





Off-gas Collectors (Semi-Works) 

Top Distributors 

Middle Distributors 

Bottom Distributors 
Instruments 

Retort Thermocouples 


Retort Pressure Taps 
SOLIDS 


There has been no measurable wear to the shale 
handling equipment with minor exceptions as follows: 
1. The screen on the Semi-Works screen feeder 
developed holes where the shale entered the 
screen from the surge bin. Both the Semi-Works 
and Pilot Plant screens developed fatigue cracks 
from vibrating motion. A plate was installed to 
relieve the wear on the screen inlet and the cracks 
were welded. A stronger screen is recommended. 
2. The retorted shale weighbelt on the Semi-Works 
retort was unable to withstand the retorted 
shale discharge temperatures of the preliminary 
operations in the Indirect Heated Mode. Improved 
operating conditions and better thermal efficiency 
in later operations resulted in lower discharge 
temperatures Of the retorted shale. The belt 


wear was reduced to minimal. 
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3. The lining wear in both retorts was negligible 





and not detectable until after operation in the 
Indirect Heated Mode in the Semi-Works retort. 

In the area adjacent tothe hot gas entry, the 
glaze from the bricks is gone and a rough, 

porous surface remains. Mortar between bricks in 
the same area has been eroded up to 3/4 inch. 

4. The hydraulic cylinders required appreciable 
Maintenance of rod seals in the early operating 
periods. An improved seal was used and an extension 
support was put on the cylinders and operating time 


extended before maintenance was required. 


After cast iron ring seals were installed and 
alignment was checked, the cylinders did not 
require further maintenance. 

5. The retorted shale rotary seals showed 
considerable wear in the initial units that were 
used. An improved design was developed by the 
manufacturer and the new seals were installed 
in August, 1975. Wear effect was decreased in all 
parts of the seals. The wear rate is shown in the 


following table: 
TABLE 5-2 
ROTARY SEAL WEAR RATES 
Wear Rates, Inches 


Average Per 


Date Tonnage End Radial 1000 Tons 
Aug. 1975 0 0.017 0.017 ahaa 
Dec. 1975 5000 0.026 0.022 -0014 
Apr. 1976 10000 0.040 0.044 — -0036 
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Gases 


The service of the distributors has been good. 
The only exception to good performance has been some cracking 
of the welds along the top distributor between the water 
jacket and the stainless steel distributor pipe. There is 
no evidence to indicate the cracking occurred from other 


than fabrication defects in the shop welding. 


Instruments 


The retort thermocouple-pressure probe gave 
very rapid response to variations in retort operation but 
structurally needs improvement as several of the extended 
couples broke off. The pressure taps located in the 
retorting zone also would become plugged. The main pipe 


of the probe showed no unusual wear. 
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# 5.4 AUXILIARY SYSTEMS 





The cooling water, fuel oil, plant air, propane 
and shale oil storage facilities are shown on Drawing 6. 
The steam, dust collection and thermal oxidizer systems are 
shown on Drawing 7. Except for the crude shale oil gaging 
tanks and dust collectors, the systems serve both the Pilot 


and Semi-Works Plants. 


The cooling water system consists of a primary 
receiver and make-up tank, the interconnecting piping, 
the necessary temperature and regulating controls, the 
circulating pumps and the air-cooled heat exchanger. The 


usage of cooling water is: 


Direct Mode Operation Indirect Mode Operations 
Spray Oil Cooler (SW & PP) Bottom Gas Cooler (SW) 
Air-Gas Distributors (SW&PP) Wash Oil Cooler (SW) 


Spray Oil Cooler (SW & PP) 


The fuel oil is stored in four 500-barrel tanks 
and the fuel oil pumps circulate the oil through the plant 
area and back to the tanks. Fuel oil is used for: 

Process Steam Boilers 

Semi-Works Plant Heater 

Plant Heating Steam Boiler 


Thermal Oxidizer 
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The plant air system utilizes a new compressor 
and two old compressors that were located in the old boiler 
house. The new compressor provides instrument and plant 


air to the control room for distribution. The two old 





compressors supply air to the bag filters that are air 
pulsation type. The two systems are valved and piped 
to spare each other primarily to insure the availability 


of air for the instruments. 


There is no natural gas available at the Anvil Points 
Site and therefore propane is used. The propane system 
consists of two 1200-gallon tanks, piping and instrumentation. 
To insure vapor phase propane in the cold winter months 
for start-up purposes, an additional 500-gallon tank and 
vaporizer are located in the retort area. Propane is 


supplied to: 


Priou 2ilant 
Direct Heated Mode Start-up 
Heater Burners 
Heater Pilots 

Semi-Works Plant 
Direct Heated Mode Start-up 
Heater Pilots 

Thermal Oxidizer Pilots 


Laboratory 
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The tankage for shale oil storage at Anvil Points 





has a capacity of about 20,000 barrels. However, only about 
17,000 barrels can be stored in usable tanks. Drawing 6 

for shale oil storage primarily shows the rundown and 

gaging tanks. The Pilot Plant uses tanks 525 and 526. The 
Semi-Works Plant uses tanks 519 through 524. All of these 
tanks are steam-heated and insulated. The system has the 
capability of circulating the oil from a tank, through a pump 
while the tank is being agitated prior to the oil sample 


being taken. 


The plant steam is produced by two package boilers. 
This system is tied to the plant steam heating system as 
a spare supply in case of failure. The plant steam is used 
eee: 

Thermal Oxidizer Burner Fuel Atomization 

Propane Vaporization 

Crude Shale Oil Tank Heating 

Rotary Seal Purge Gas 

Crude Shale Oil Line Tracing 

Control Room Heating 


Shale Preparation Building Heating 


Dust collection equipment was used to comply with 
regulations for particulate emissions. The State of Colorado 
Health Department in cooperation with the Mining Enforcement 
and Safety Administration (MESA) and the Colorado Bureau of 


Mines (CBOM) were the regulatory agencies for Anvil Points. 
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The necessary permits were received to construct and a final 





inspection by the Air Pollution Control Division, while the 
shale preparation areas and both Pilot and Semi-Works Plants 
were operating, resulted in a permanent permit to operate. 
The Paraho Project was not cited for a violation during the 


program. 


The dust collectors are bag filter type. The 
particulate material from the retort plant collectors is 
transported to the retorted shale area. The particulates 
from the shale preparation areas are transported to the 


same canyon but separate from the retorted shale. 


Since there was no effective way to utilize the 
product gas, the thermal oxidizer is used to burn the product 
gas from the Pilot and Semi-Works Direct and Indirect Heated 
Mode operations before emission to the atmosphere. A 
checkerbrick system was installed in the burner discharge area 
of the combustion chamber to improve the overall efficiency 
of combustion. Because of the smaller quantities of product 
gas to be burned fromthe Pilot retort, fuel 011 is used as an 
auxiliary fuel. During stable periods of the Semi-Works 
retort operations, the low BTU gas from the Direct Heated 
Mode and the high BTU gas from the Indirect Heated Mode do 
not require auxiliary fuel oil to maintain combustion and 
complete oxidiation takes place before emission. The pilot 


is maintained for safety purposes. 


PROCEDURES 





-_, 





6. STARTUP PROCEDURES 


6.1 DIRECT HEATED MODE STARTUP PROCEDURES 


Many startup procedures have been previously 
used for vertical kiln gravity flow retorts, but all have 
presented problems or were not adaptable to larger size units. 
The development of a new procedure, based on a concept that 
could be adapted to commercial size retorts, was initiated 
at the beginning of Paraho operations. Success was achieved 
on Pilot Plant Run PP-1 and refinements continued through 


most of the Direct Heated Mode operation on both retorts. 


This startup procedure is based on the principle 
of a controlled combustion of gaseous fuel within the bed 
to preheat the shale particles to ignition temperature. 
Propane has been used as the fuel for the ignition step. 
When proper operating temperatures are achieved within the 
bed, the propane fuel is removed and normal process flows 


established. 


Minor variations to theoriginal Pilot Plant 
procedures were required for the Semi-Works retort to 
prevent the combustion of product gases Move’ the open bed. 
Changing the air gas ratios during the propane firing 
controlled this and led to the use of a full shale bed for 
the startup. This provides some preheating of the shale in 
the upper sections of the bed above the combustion zone 


making it less susceptible to process upsets during the 


Exahh 


early stages. The direct combustion within the bed provides 





a rapid startup reaching shale combustion temperatures 


within 18 minutes of the propane ignition, 


This startup procedure was primarily developed 
in the Pilot Plant but the technique has proven safe and 
reliable for both retorts and can easily be adapted to 
commercial size. The startup is rapid, reaching normal 
operating conditions within nine hours. A minimum of specialty 
eonene is required such as a gaseous fuel source and 
control system and an air-fuel mixer in the top distributor 
air supply line. Final refinement includes a method of 
exhausting all products of combustion during the propane 
firing through the product gas thermal oxidizer. This 


technique provides pollution control throughout the operation. 


A quick opening valve is required for the gaseous 
fuel supply. Flow rates must be achieved as rapidly as 
possible to prevent the dangers of explosive mixtures of 
air and gas being used. Individual flow rates are pre-set 
followed by purging, and then the ignition sequence is started. 
A safety shut off is also incorporated in this valve to 
provide a shutdown of the system in case of an air blower 
or power failure. The details of this installation are 


shown in Drawings 3 and 4. 


The startup procedure begins with a full bed of raw 
shale. A non-compacted bed is assured by operating the 


grate and completely circulating shale through the retort 
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while maintaining a level in the retort level hopper. One 


complete change of shale eliminates compaction due to the 


initial filling of the retort. No other special shale pre- 


paration or other materials are required. Flow rates are 


set to provide a rich mixture of propane in air at the top 


distributor with the additional air requirements for combustion 


being added at the mid distributor. To ignite the fuel 
mixture, igniters are inserted into the bed through special 


Openings. Signal flares have proven to be well suited for 


this purpose as they can be dropped on the surface of the bed 


and buried in the shale by starting shale flow through the 


Tecore, 


After the igniters have been inserted, propane 
is added to the air, supplying a combustible mixture that 
will burn within the shale bed when upward gas velocity is 
less than the flame velocity. Using a series of air and 
gas changes, the internal combustion can be controlled to 
preheat the shale bed and bring the shale to ignition tem- 


peratures at the normal combustion zone level. 


As the shale reaches retorting and combustion 
temperatures, the propane supply is cut off and the recycle 
system started. A gradual buildup of air and gas additions 


is used to spread the combustion zone across the complete 


retort cross-section. This is a step-wise procedure. As the 


temperature profiles are established, both vertically 


and horizontally, the shale rate is increased until full 


5-6 
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Operating conditions are achieved. 





The startup time sequence can be varied greatly 
following the propane ignition since the process is operable 
Over wide variations of air, gas, and shale rates. The 
period from propane ignition to normal operating conditions, 
using two level air input at 400 lbs/hr/ft2 has been achieved 
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6.2 INDIRECT HEATED MODE STARTUP PROCEDURE 





A reliable startup procedure for the Indirect Heated 
Mode was achieved using a technique of preheating the retort 
filled with a non-kerogen bearing rock. This provides a method 
of establishing a vertical temperature profile before feeding 
shale to the retort. This procedure enhances the mist 
formation in the preheating zone. The procedure developed 
uses an initial retort loading of an inert material such 
as crushed and screened limestone or gravel. The system is 


then purged of oxygen using an inert gas. 


Direct Heated Mode product gas from the Pilot 
Plant was used for purging because of its availability 
during this program. Gas circulation is started to purge 
eherrerorc, the’ recirculation’ piping and’ orl recovery 
equipment. The heaters and oil recovery equipment are started 
when the oxygen content of the circulating gas stream drops 
below 2%. A continuous purge of inert gas is maintained to 


prevent air in-leakage during the preheating periods. 


Low velocity stone movement is maintained during 
the tetort preheating operation to establish the 
vertical temperature profile in both the top and lower section 
of the retort. This movement also prevents thermal expansion 
from locking the stone particles within the bed. During the 


preheating period, the stone rate is adjusted to maintain a 


desired off-gas temperature. 
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A slow rate of gas temperature increase through 


the heater must be maintained to prevent thermal distortion. 
The temperature level is raised within the bed of inert 

stone until sufficient temperature is achieved to provide 
retorting. When this temperature level is reached, the inert 
rock feed is replaced with raw shale. Gas flows and 
temperatures are adjusted as required to bring the shale feed 
changeover into normal operating conditions as smoothly 


and quickly as possible. 


Purging with inert gas is continued until adequate 
product gas is being produced from the retorting of shale 
to maintain adequate pressure control. The startup provides 
a rapid method of achieving a normal Indirect Heated Mode 
operation with a minimum of process upset. The oil recovery 
equipment is fully commissioned, thus providing a clean 
gas to the heater throughout the startup. Full operating 


conditions can be achieved in about 12 hours. 


7. COMPUTER 
PROCESSING 
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7 COMPUTER DATA PROCESSING 
7,1 INTRODUCTION 


The computing equipment used was a Hewlett- 
Packard 9830A general purpose programmable calculator. The 
program language is called BASIC. Input is by typewriter 
keyboard and output by the 9866A line printer. There is a built- 
in tape drive for large capacity storage. The read/write 


memory size is 3808 16-bit words. 


Programs are written and edited at the keyboard 
and are stored on tape casettes. Data is stored in test 


data files on tape cassettes and called from the keyboard. 


Manufacturer's software tapes were used for polynomial 


regression and analysis of variance. 
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A gas calculation program was written to calculate 
specific gravity, molecular weight, and gross and net heating 
value* based on- the composition of the retort gas. The 
specific gravity determined in this program is then input 
to the flow calculations program along with orifice differential 
pressure and flowing temperature and pressure to calculate 
bottom, mid, top, and product gas flow rates (SCFM). The air 
flows, (Bottom, mid, and top), are also calculated. These 
values along with other input data are stored on computer data 
tapes. This information can then be loaded into common memory 


and run through the material and heat balance programs. 


The reference for the flow calculation program 
is "Principles and Practice of Flow Meter Engineering by 


DRGN spike 8967) Foxboro." Table 7-1 is a program listing. 


NOTES APPLICABLE TO DIRECT AND INDIRECT MODE MATERIAL AND 


HEAT BALANCES 


Pata input are of two different types. The first 1s: raw 
data either recorded at the unit (e.g. off gas temperature), or 
determined at the laboratory. The other is Ga lioutated from 
other peripheral computer programs, (e.g. gas flows from manometer 


readings). 
WATER BALANCE 


A. Laboratory tests of raw shale are performed and 


*Gas Engineering Handbook, American Gas Assoc., Inc. . 
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reported on an undried basis. The program input 
data then is internally adjusted using a moisture 
determination on an undried sample. In the Indirect 


Heated Mode water balance, the laboratory moisture 





is subtracted from F.A. water to obtain the "true" 
F.A. water. This was not done in the Direct Heated 
Mode water balance. 

B. It is assumed that the retorted shale is totally 
water-free. This was confirmed by several specially 
handled retorted shale samples. 

C. Water balances will reflect the continued improvement 
in accounting for water contents throughout the program. 
Major problems were associated with the sampling and 
analysis of raw shale feed and product gas and the 
accounting for miscellaneous condensate drainage. 


ORGANIC NITROGEN 


Analysis techniques for ammonia content in the product 
gas streams and condensed water were only developed during 
the final Direct Heated Mode runs. An accounting for this 
component was therefore not included in the Direct Heated Mode 
computer program, which results in an incomplete organic nitrogen 


balance. 


The Indirect Heated Mode computer program does account 
for the ammonia contents and a complete organic nitrogen 


balance is therefore obtained. 
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CARBONATE DECOMPOSITION (BTU/T) 





Partitioning of mineral carbon dioxide is based on 
information from USBM Bulletin 635. Dolomite content was 


reported as 30% of mineral carbonate. If carbonate decomposition, 





measured as Lb-mol COj/ton, is less than or equal to 2.5, this 
value is multiplied by 58,835 BTU/# mol as the heat of 
decomposition of MgCO3. The program treats carbonate 
decomposition in excess of 2.5 #/mol CO2/ton as liberated from 
the decomposition of CaCO3, whose heat of decomposition is 


15,096) B1U/1b.—-mol. 
SHALE MOISTURE QUANTITIES 


A. The Tylab moisture is the wt% H20 on the uncrushed 
shale. 
B. The lab moisture is the wt% H20 on the crushed lab 
sample. 
HEAT OF PYROLYSIS 
The heat of pyrolysis used is 32 BTU/# for 30 GPT 
shale. In the work reported in U.S.B.M. RI-7482, "Heat 
Contents of Some Green River Oil Shales," endothermic 
reactions at retorting temperatures of 17 BTU/# for 
i> gali7tonm shale and 35 BTU/# for 32.4 gal/ton shale were. 


reported. 
SKIN HEAT LOSSES 


The heat loss from the retort shell was measured 


under various ambient and operating conditions and compared 
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to calculated values. From these losses, based on average 
operating and ambient conditions, a constant heat loss value 
of 10,000 BIU/T or about 2% of the heat input, was used 


throughout the heat balance calculations. 
GAS ENTHALPY 


The gas component enthalpies used in the heat 
balance were obtained from the "Circular of the National 
Bureau. of “Standards C461," as part of the work of the 
American Petroleum Institute Research Project 44. Polynomial 


regression was used to convert the tabular data to equation form. 
7,2 DIRECT HEATED MODE 


A flow chart of the Direct Heated Mode material 
balance is presented in Figure 7-l. The program listing 


for Partebsis Table 7-2 and’ for Part 2 is Table 7-3. 
MATERIAL BALANCES - Part 1, Preliminary Calculations 


The input data from the data tape is converted 
by preliminary calculations in Part 1 and stored ina 
Calculatedspata Array ‘shown ‘in Table 7-4. Some of these 


calculations are explained in Table 7-5. 


The combustion reactions considered are formation 


Gi CO CO, and water vapor. From a material balance of 


pus 
the Fischer Assay, the production of CO2 and CO by pyrolysis 
is calculated. Mineral carbon dioxide is also calculated. 


Thus, net carbon oxides from combustion are determined. The oxygen 
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input with air is calculated and the oxygen by difference is 


used to calculate the combustion water formed. 
MATERIAL BALANCES - Part 2 


The partial balances and the overall weight balance 
are discussed in Table 7-6. Execution of this Part 2 prints 
the complete material balance which excludes recycle gas 


streams. 
HEAT BALANCE 


The flow chart of the heat balance for the 
Direct Heated Mode is presented as Figure 7-3. The program 
listing in Table 7-7. The program uses preliminary calculations 
performed in the material balance and stored in the calculated 


data array. 


The steps of the calculation are shown in Table 7-8. 
The bases of calculations are believed to be self-explanatory 
along with the preceding text captioned, "Notes Applicable 
to Direct and Indirect Mode Material and Heat Balances" in 


Section #1. 


Figure 7-2 shows the heat balance boundary and 
identifies the streams tabulated in the print out. Table 7-9 
is a print out of input data, the material balance, and the 


heat balance for Direct Heated Mode Run SW-20, combined Test "A". 
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DIRECT HEATED 


FLOW CHART 


LOAD PROG. 
TAPE, INIT. 
ARRAYS 


LOAD DATA 
PROM DATA TAPE 


RUN MATERIAL 
BALANCE 


PROG. 





120 


CALC. SIMPLE 
MASS RATES FOR 
ARRAY FROM INP 





220 


CALC. SCFM OF 
EACH GAS COMP. 
IN PROD GAS ON 
DRY BASIS 





260 


CALC. ASSUMED 
PRODUCTION OF 
Ha, CHg, CO &CO 
FROM P.A. 





340 





420 


LINK MAT. BAL. 
PART 2 


130 


CALC ATM. N2 
IN, OUT AND 


FRAC. REC. 





130 


PRINT ATM N> 
IN, OUT AND FRAC. 
REC. 





140 


CALC. ASH IN, 
OUT AND FRAC. 


REC. 








160 


PRINT ASH IN, OUT 
AND FRAC. REC. 













PRINT O05 IN, 
OUT TO CO & C02 
HO AND FRAC. 


ric. 


210 
CALC. C BURNED 
H BURNED 

250 
CAL H,O IN 
OuT FRAC. 

REC. 
300 


PRINT H20 IN 
FROM S, C OUT 
0, G, T AND 


FRAC. REC. 





310 


CALC. KEROGEN 
IN OUT AND 
FRAC. REC. 





340 


PRINT KEROGEN 

IN, OUT AS S, 0, 

G, T, AND FRAC. 
REC. 








410 


CALC. ORG. C 

IN, OUT AS S‘0, 

G, T AND FRAC. 
REC. 


PRINT ORG C. 

IN, OUT AS S,O, 

G, T AND FRAC. 
REC. 


fed 





MATERIAL BALANCE COMPUTER 


Figure 7-1 


CALC. TOT, H 
IN, OUT AS S,0, 
G, T AND FRAC. 


CALC. ORG. N 
IN, OUT AS S,O, 
G, T AND FRAC. 








620 


CALC.O ALL WT. 
IN, OUT AND 
FRAC. REC. 


PRINT O'ALL WT. 
|} IN, OUT AND 
FRAC. REC. 





680 





680 


PRINT #/MIN C 

BURNED, #/MIN H 

BURNED C/H COMB 
RATIO 


NO CALC OIL WT 
F.A., OIL VOL 
F.A. 


PRINT OIL WTt 
F.A., OIL VOLt 
F.A. 





"IN SHALE” 
*IN OIL” 
"IN GAS” 
“FROM 
COMBUSTION” 
“TOTAL” 
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GAS FLOW CALCULATION PROGRAM 


TABLE 7-1 


sh PROGRAM TO CALACULATE GAS FLOWS WHEW GIVEH THE LIWE SIZE: OIF. 


Bt 3 
 SHNE TaFa Raat” 
Te 
1 


Peire isi. 

FR If PORSLPICE. DIAMETER” 

IMFUT Ds Te , 

Bs Tie 

anak) PIPE I.D.="sD:"GRIFICE DIH.="ste 

Tb AAP Dot Ce Sed 4k SAP ROM SRDS eet 
a AS ee 

PB he <= 8 THEN 238 

eet tae Set, 4 eed GB-eteDeate 4 


I 
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I = HEH £58 
BSe—-(8, SAS+08, AS4e-Togecka ti, 
I 
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— 


rs o = 
BOTO 2c 


POA Ch bA + CSSA SRD oS 


INFLIT mh 

F=S 6328 SER ¢Be0ote 
IF #=@ THEM Sra 

IF w=1 THEH 48 

IF w=2 THEM 4 
F1i=8.86196 


.4 
GOTO 458 
Fish. a5592 
F2=1.3 
GOTO « 


Jeo SOR S Tete ‘THe tS+S SG S0R 70 oe LBS S5eke 
Des th. 41+h, 3546 TE G2p. fr the? 
IF Ko =1 THEM 514 
PRINT “IMPUT DEG*FsP IN.HG. AES.sSF.GR.:H20 DIFF" 
FRIWMT 
IMFUT TsPisGsH 
PREN DY PHEOT H" 
IHPUT H 
H=H¥#1.87 
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TABLE” 7~<T (Contd) 


SCF Ha TALC IPP OR INPUT ZERO TO) CALC. SCFM” 


DES TIRED. 


Ye ee ee 
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it 
[IF S28 THEN S68 
af Hea THEN 668 
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PREIHT Ka Ts Pts Hs 

PRIHT “STO. DEV. 1=VE5S;@=HO" 

IHPUT 23 

IF 29> 1 (Raps be etapa 

PRIHT “SAME ORTFICE?IRVESs @=He " 

IHPUT K2 

IF Ke=8 THEM 18 

PRIHT “SAME TENF FRESS AND SG° 1=YESs @=Ho" 
THPUT KS 

Le K3=G THEM 4389 

Pr ljal...JHPUT Hed DIFF“ 

THPUT H 


SOTO 338 
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TABLE 7-1] (Contd) 
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EN 1214 
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{ F 
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INT HisHe 
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“OTD 136k 
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FR IHT 
IMFUT 
IF N= THEN 16 
FRIHT “WHAT IS 
THPUT H1 

FREIHT Hi \ 
EIsR#H1l“Heeel. Or 
PRIHT "“SCRFM="sSKs "4+0R-"skKl 
GOTO ree 

PRT HT 

IHPUT & 
FRIHT 

IF ”=8 THEN 1 
IF #=1 THEN 6&6 
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DIRECT HEATED MODE MATERIAL BALANCE PART 2 (CONTD) 


TABLE 7-3 
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TABLE 7-5 
DIRECT HEATED MODE MATERIAL BALANCES - PRELIMINARY CALCULATIONS 
ee BREN EO PRELIMINARY CALCULATIONS 


DRY SHALE INPUT 
=> [pRY RET SHALE #/MIN]<@ - 
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[LAB MOIST. SHALE #/MIN< @ - 


FISCHER ASSAY ADJUSTMENT FIGURE TO CALCULATE 
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MAT BAL PART 1 
MAT BAL PART 2 
HEAT BAL 
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c [6,9] * (raw shale Fischer Assay GPT)<@ - 260.> 


20.00% 29 43 


29.3 is the Raw Shale FA GPT 
production figures are based 
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cu4 c [10,9 


coz c{[lo, J 


© CO 
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=> [scr 
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from which the 


H2 from F.A]<@ 
CO from F.AI<@ 
CHqg from F.AK@ 


CO>. trom F.AK@ 


EACH OF THE ABOVE EXPRESSIONS IS REFERENCED TO ITS POSITION 
IN THE PROGRAM EXECUTION BY PROGRAM # & LINE # 


Sen: 


means the expression may be found 
in line 100 of mat bal part 1 
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CALCULATION OF 05 (SCFM) TO BURN C TO CO & CO9 
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2. Og SCFM TO BURN C TO CO PaaS 
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3. O27 SCFM TO FORM H20 (BY DIFFERENCE ASSUMING A 100% OXYGEN BALANCE) 
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RESULTS : 
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TABLE 7-6 
DIRECT HEATED MODE MATERIAL BALANCE PART 2 


BALANCES 


ATMOSPHERIC NITROGEN BALANCE 
ATMOSPHERIC NITROGEN BALANCE 
N2 IN (scrm) =c [1,5] = 0.79 * [Top + mrp + BrM AIR (scrM)]<@ - 150> 


N2 OUT (SCFM) = c [1,6]= (PROD. GAS SCFM) * (voLE N2 IN PROD GAS)< @- 195> 


100 


ASH BALANCE 
ASH IN(#/MIN) 


cll-7] =fopry paw SHALES, #/MIN) 100] * (Raw Shale wt% Ash)<@ - 140> 
we RAN SHALES 7 */MIN) 100 naw shale wtt Ash 340 
(100 - wt% LAB MOISTURE) | 100 


ASH OUT (#/MIN) =Cc [1,3] = [RET SHALE, #/MIN] * (Ret Shale wt% Ash) <Oees 
100 


OXYGEN BALANCE 


O2 IN (SCFM) =C [2,]] = 0.21 * [top + MID + BTM AIR (scrm) |<@ ="250-> 
O2 OUT(SCFM) =C [6,4 = (SCFM 02 TO BURN C TO CO & CO>) + (SCFM TO BURN H TO H20)<@-~-170> 
onl Pp c [2,10] 
WATER BALANCE 
H50 IN (#/MIN) =C fi, 9} = | (DRY RAW SHALE, #/MIN)100| , (Fischer Assay Wt% H20) $ 
ee ee SO EMIS SR AT 
(100 - wt% LAB MOISTURE) | 100 


(DRY RAW SHALE, #/MIN) * (TYLAB MOISTURE, WT%) + (SCFM O05 TO BURN H TO H90) * 36<@® —v2 SO > 
NR ES EINES LURE, WTS ee ee LE ues es 


(100 - TYLAB MOISTURE, WTS) 379 


HO OUT (#/MIN) =C [2,10] = (H50 COLLECTED, #/MIN) + (PROD. GAS SCFM) * (VOL3 H O)18<¢@ = 240> 
100 * (379-SCF/# MOLE) 


NOTE 1: THE RETORTED SHALE IS ASSUMED TO BE DRY 
NOTE 2: TYLAB MOIST. IS ON THE UNCRUSHED RAW SHALE. LAB MOIST. IS ON THE CRUSHED LAB SAMPLE. 
NOTE Bess LHS "Heo IN" CALCULATION ASSUMES FISHCER ASSAY H20 AND LAB MOISTURE TO BE INDEPENDENT. 


TO BE SBSOLUTELY ACCURATE, THE LAB MOISTURE SHOULD BE SUBTRACTED FROM THE FISCHER 
ASSAY H20 IN THE ABOVE CALCULATION BECAUSE THE F.A. H20 INCLUDES LAB MOISTURE. 
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TABLE 7-6 (Contd) 


E. KEROGEN BALANCE 


KEROGEN IN(#/MIN) = c[2,8] = c [6,9] * [100- (Raw shale wt% ash)-(Raw shale wt% min CO9)-(Raw shale Fischer Assa 


<@)- 300> a 100 
KEROGEN OUT (#/MIN) = c[2,9]= 7 ea [SCFM Comp i IN PROD GAS (DRY BASIS)] * (M.W. of Comp ) 
i 








where i is all gas components 
except Na7,05,,CO7, C05, H20',, and 
oil 


+ (RETORTED SHALE, #/MIN) * [200 - (RET SHALE WT% ASH) - (RET SHALE WT3 MIN co2) | + (PROD OIL, #/MIN) 
100 


+ (HYDROGEN BURNED TO HO #/MIN) + [ PROD GAS, SCFM (wery |} * (VOLS OIL)«* (144 #72 mole) 
(379 SCF ) 
# mole 


+ (CARBON BURNED TO CO & CO2, #/MIN) - [cfe.9] * (Raw shale wt% min CO2) - (ret shale, #/min) * (ret shale wt% min co2) | 
; ee 2.2 310g 32 
44 * 100 
F. ORGANIC CARBON BALANCE 
ORGANIC C IN (#/MIN) = C[6, 7] 
ORGANIC C OUT (#/MIN)* = c [6,8] 


u 


c [6,9]* [(raw Shale wtc) - (Raw Shale wtt min C02) * =)<® - 410 > 


(Ret Shale #/MIN) * | (Ret Shale wt%C)-(Ret shale wt% min cO>) #124 (Prod oil #/min)* (oil Yj 
“8 wt c)| 


Xi 


100 
12#C 


+ # Mole o_ (SCFM Comp I IN PROD GAS (DRY BASIS) * (NO. OF CARBON ATOMS IN COMP i) 
Shei sels 


Peat a 
are ad here 21 includes CH4, CoH4, 


Golig7_C=2's, C=4"%5 


nF [ PROD GAS, SCFM (wer) * (VOL% OIL) * 1.2 + (CARBON BURNED TO CO & CO2, #/MIN) 
SW! 
= c [6,9] “ [(Raw shale wt% min CO9) - (Ret shale, #/min) * (Ret Shale wt% min C09) | Ae <@ - 4207442 > 
44 * 100 
NOTE:> <C [6,9] = (dry raw shale, #/min) * 100 
(100 - Raw shale wt% Lab Moisture) = LAB MOIST. SHALE, #/MIN 


OGRL 


AEE EEEEEcoser: 


TABLE 7-6 (Contd) 


G. TOTAL HYDROGEN BALANCE 


HYDROGEN IN (#/MIN) = C [3,3] = oa 6,9 * (RAW SHALE WT% H) < @ - 490 = 


100 





HYDROGEN OUT (#/MIN) = C [3-4] = [cero OIL, #/MIN) * (OIL WT% H) + (RET SHALE #/MIN) * (RET SHALE WTS H) 
100 
+ (Hj20 COLLECTED, #/MIN) x 2 + . a. * > (SCFM Comp i IN PROD GAS (DRY BASIS) * (no. of H Atoms in Comp i) 
+e x79 SCF “ where i includes H2, CHg, C2Hg, 
nee ee y ; oy ' -4! 
tae wong, C=3's «2 C s 
+ | PROD GAS, SCFM (WET) _] ol ONO bits (Oh aie a Fao eye (H50 IN PROD GAS, SCFM) * 2 <@ - 500 + 540 
379 379 


H. ORGANIC NITROGEN BALANCE 


ORGANIC NITROGEN IN (#/MIN) = c [3,5]= cle,9] * (Raw Shale wts N) <@ - 590 
100 


ORGANIC NITROGEN OUT (#/MIN) = c [3,6] = [ (Prop OIL,#/MIN) * (OIL WT% N) + (RET SHALE, #/MIN) * (RET SHALE WTS x|<@ -600> 
SN SALE WES ON Aes 


100 
I. OVERALL WEIGHT BALANCE 
TOTAL WEIGHT IN (#/MIN) = c[2,9 = (DRY RAW SHALE,#/MIN) + (TOT AIR INPUT,#/MIN) + (H20 IN RAW SHALE, #/MIN) 


4 


fez [= SHALE,#/MIN) * 100 |. (Raw shale Fischer Assay wt% H20) << Gs = 620 > 





(100-wt% lab moisture) 100 
# 
TOTAL WEIGHT OUT (#/MIN) = c [2,4] = [PROD GAS, SCFM (wen)| * (SPECIFIC GRAVITY (WET GAS) * (29~"— |) 
379 SCF 
# mole 


+ (PROD OIL, #/MIN) + (HO COLLECTED, #/MIN) + (RET SHALE, #/MIN) << @ - 630,640 > 
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TABLE 7-8 


DIRECT HEATED MODE HEAT BALANCE 
HEAT IN BASIS: 1 TON DRY SHALE DATUM: 77°F 
COMBUSTION REACTIONS 
C + O02 — CO2 


Min Btu 
Ss * irene * a 
(SCFM O2 to BURN C -7COz) * (60 =) GSO: Siren F.C aes 





i ein (DRY SHALE, TONS)* 379 SCF 
HR # mole 
2Cut -Oone-> 260 
re 
Btu/T = |2* (SCFM O2 TO BURN C -7CO) * (60 i * (95033 Btu_)¢@- 205 
(DRY SHALE, Tons) * 379 SCF 2 # mole 
Hr # mole 
282° +02 => 2He0 
i: 
Btu/T = |2*(SCFM 02 TO BURN H -7H20 * (60 ) *(207934 Btu ) <@- 1205 
eee Be rg ee a ae 
(DRY SHALE, TONS ) (379 SCF) 2 # mole 
.Hr # mole 


Min 
Btul (tT (4-77) * (SCFM AIR INPUT) * 60 Hr << @- 157> 
MoPy 379 SCF * (DRY SHALE, TONS) 

# mole HR 


29 ? 

AIR IN oe acct + "Oe2eLo + 0.0027*T [4] + 0.0256* 
Pe | 

RBtu/T 10 





yi [4] = Air Blower Discharge T °F 
SHALE IN = E * 10-5 * [6] 2 + 0.2068 * T[6] - 16 Btu] * (2000 #/Ton)<@)- 154 > 


Btu/T nmlglinaghalecdia tor" 

rs ENTHALPY OF COMP i AT Bea 
es a ee OF GAS COMP i) * {GAS BLOWER DISCHG TEMP °F'| * (M.W. OF COMP i)|# mole F 
Btu/T 


* (T [2] - 77)°F * (TOT GAS SCFM) * 60 “22 


Hr QB) 
(379 SCF.) * (DRY SHALE, 22S ) = 330 > 
———= Hr 
# mole 


vi [2] = Gas blower discharge T °F 


SO7L 


- O14; MIST OUT 


Btu/T Gal 


( 
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TABLE 7-8 (Contd) 


HEAT OUT 


RET SHALE OUT 


(0.2224 Btu__) * (tT [3]- 77)°F * (2000 #) * (RET SHALE TPH)< G@)- 400> © [3] = retorted shale T°F 
OF ie ; 


Bt /v Ton 
ie (DRY RAW SHALE, TPH) 


(PRODUCT OIL, GPH) * (OIL DENSITY,—~) * [(0.478 Btu) * [1] °F - 36.8 Btu ® - 430 
Gal % OF a < => 


i} 





Btu/T 
(DRY RAW SHALE, TPH) 


¢ [i] = oFF Gas T °F 
LATENT HEAT FISCHER ASSAY H20 = | ae shale wt) + (Raw Shale wt%) “(ea # 2) 1250 zee | <Q@- 460> 
es Ton # 


F.A. H20 LAB MOISTURE 
Btu/T 100 
CARBONATE DECOMPOSITION 
= (2000 # ) 
ton * |(Raw shale min. CO2, wt%) - (Ret shale min CO2,wt%) * (Ret shale, ren |< @ - 490 —> 497 > 
100 (44 _# (Dry Raw Shale, TPH) 
# mold 


If the carbonate decomposition, measured as # mole CO2/ton, is less than or equal to 2.5, multiply 
amount liberated by 58,835 Btu/# mole as the heat of decomposition of MgCO3. It is assumed 

that all carbonate decomposition in excess of 2.5 # mole/ton production of CO is liberated 

from the decomposition of CaCO3, whose heat of decomposition is 75,096 Btu/# mole. 


PYROLYSIS = (32 Btu/#) * (2000 %/Ton) - 530 
ate Bas # Btu ) 
= : ° * : * * eee 
COOLING H 20 (Cooling Watery. T-5:) (Cooling Water, GPM) (60 Hr) (8.33 = G % Up < @-188 > 
Btu/T (Dry Raw Shale, Tph) 


wat 
LIQ H20 OFF AS GAS = (H20 Collected GPH) * (8.33 #_) * }o-427 Btu. * T[1] °F - 32.1 Ben |< @ - 5205 
% OF # 





(Dry Raw Shale, TPH) 
SKIN LOSSES = 10,000 Btu/Ton<@ - 585 > 
Btu/T | 


Sched fl 


TABLE 7-8 (Contd) 


‘DIFFERENCE => HEAT INPUTS -5 HEAT OUTPUTS <q ~- 600> 


Btu/Ton 
TOTAL HEAT IN = COMBUSTION REACTIONS + AIR IN + SHALE IN + GAS IN. <@- 570> 
Btu/Ton 


TOTAL HEAT OUT = RET. SHALE OUT + OIL MIST OUT + LATENT HT FA H»O + CARBONATE DECOMPOSITION + PYROLYSIS 


Btu/Ton + COOLING WATER + LIQUID WATER OFF AS GAS + SKIN LOSSES<@ - 590) 
YIELD CALCULATIONS 


OIL COLLECTED = (PROD OIL GPH) * 100 a ene 

* + * Sate 
VOL® FISCHER assay (DRY RAW SHALE, # ) * (60 Min) (Ton) * (RAW SHALE F.A., GAL) <a 

min Hr 2000 # TON 
OIL COLLECTED oo 
= (PROD OIL, GPH) * (OIL DENSITY GAL) * 100 
WI% FISCHER ASSAY < Og 620 > 
(Raw Shale F.A. Oil, Wt%) * (Lab Moist Shale # ) 
100 Min 


NOTE: The vol% F.A. calculation is based on dry shale, 
the wt% F.A. calculation is based on lab moist 
shale which includes the wt% lab moisture. 


CARBONATE DECOMPOSITION = naw shale min C09, Wt%) - (Ret shale min COZ, wt%) * (Ret shale, zee | 


ihe eae a i fRewashale Tene | Re aa ee Oe 


(Raw shale min CO9, wt%) 
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7,3. INDIRECT HEATED MODE 





A flow chart of the Indirect Heated Mode material 
balance is presented in Figure 7-4. The program listing for 
Part 1 is presentedwin Table 7-10 and for Part 2 an Table 7-1. 
There are no combustion calculations in this balance. In view 
of this, the water balance is slightly modified from the basis 
used for the Direct Heated Mode material balance. The 
material balance excludes recycle gas streams. The calculated 


data array 1S Shown in, Table 7712. 


The partial balances and the overall balance 


are discussed lin Table 7-18 (5ipages). 


ALTERNATE MATERIAL BALANCE - Cs5t+ LIQ. BASIS 


A slightly different Indirect Heated Mode material 
balance is used to Calculate C5? Liquid Basis Yireld;-——-Table 
7-14 is the pyogram listing fomPart 1 and Tablel7=l5 lists 
Part 2. See Table 7-16 for theaprancipal ‘factors-2n-est 


liquid yield calculations. 
HEAT BALANCE 


The flow chart of the heat balance for the 
Indirect Heated Mode is presented as Figure 7-6. The program 
listing is Tabte-—/-.// (five pages). Some of these 


calculations are explained in Table 7-18 (2 pages). 
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INDIRECT HEATED MODE MATERIAL BALANCE 


COMPUTER PROGRAM FLOW CHART Figure 7-4 


(osr) 
Load Prog. 
Tape, Init.Array 


Run Material 
Balance Prog. 


COMPUTE SIMPLE 
MASS RATES FOR 
ARRAY FROM 
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350 


PRINT H.0 IN, 
OUT AS 210,6,T 
FRAC. REC. 


420 


COMPUTE KEROGEN 
IN, OUT, FRAC. 
REC. 










480 


PRINT KEROGEN 
IN, OUT AS 
S,0,G,T AND 
FRAC. REC. 


520 


LINK 2nd 
HALF. OF THE 


PROGRAM 























COMPUTE ORG. 
IN, OUT AS S, 
©,G,T AND FRAC. 


Cc 

















PRINT ORG. C IN, 
OUT AS S,0,G,T 
AND FRAC. REC. 





COMPUTE ORG H IN, 
OUT AS S,0,G,T 
AND FRAC. REC. 





PRINT ORG H 
IN, OUT AS S,0O, 
G,T AND FRAC. 
REC. 


COMPUTE ORG N 
IN, OUT AND 
FRAC. REC. 






PRINT ORG N IN, 
OUT, FRAC. REC. 


* where S 
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COMPUTE O 
ALL WEIGHT BAL. 
IN, OUT, FRAC. 


PRINT O' ALL 
WEIGHT BAL. IN, 
OUT, FRAC. REC. 
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COMPUTE OIL 
VOL F.A. 
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INDIRECT MODE MATERIAL BALANCE PART 1 
TABLE 7-10 
18 COM HSC6I:FSC9]s¥S0CE81sRS05 1], TS0 915650 15]; PS0131;CS018,161 


38 PRINT 
44 PRINT "MAT. BAL. 2R0G. LOADED. COPYRIGHT 1976:PARAHO DEY. CORP” 


i 


—_ 
3 ii 


= 
=; 
—' 


mt et 


ba, aS Oo He 


Set OED 


mo TT] a = 
half 

Hc peta 
| 

= “Th 


os 


aye iy Pt alt 


= 
ta 


—.$ 0 he te ef 
be at ely ty 
t 


00 ag ee ae a as 


cy = 


oe me 


4S oy es Oe 
iat 


ot a a 


4] 


DT fad tk fed Bd Sa poe pee pe 
Pe 
‘se | 
ms 
| 
be 
me 
= 
ns 


in Ee 
a? Eat 





nt! iy 


7 3%} 
Sek Jeve8 





AUT SU ST Se PREG 


has! 


PRINT 
PRIHT 


PoP hh ha Te fe a ee ee ee ee Oo YT 


agi —~) i ee Pe ee Eu 
biel 


St it Oe 


wart 

a! 

i) 

spr 

Te] 

it Pes po to 


* — = = 
VT 7 a 4 


st int f23 


toe Pee ee 
mat 
bes ot 


i COisSI:00 1:18): "#-WIH":CL is la d-c 
FORMAT = 
WRITE ¢ 
FORMAT 27: 


Pas TY a ae 


me a a 


eae oe a ar ee 


=o 


ii 

Wr ae i ee a a 
reer =e 
wick 
mi 
= 
iT} 

a eae oe 





aa 


i 
= 
aa 
_ 
| 

Ty 


Pere reel 
LAR F 


my 
fa 
lon 


i“ 3 
haat 


’ 
ae | 
6 Sot fot fo rs 


i ime 
ee 
Lie ana 
mir 
—f at 
ivi fFi su 


i 
mc 


wp = 
iT 
ad 
ea 

| 

} & 
pak 

4. 
ft] 
mi 
7m] 
DH ae 
| 


? i 
Cc ee ee OY 


=; 
rt 


if Beat ted 


a aa 


Pat Pea [ole Ped Poem - 
Gah ha we ee 
Li 


Be he lr 
=, i ein 
ee LI A ae fe 


a ee Se 
se iat sg 4 


eed agi 


Mab hER RE ff i eo eo 


oe 
Ud fa 2% 


in 


Wht yee GE Fs Td Gs 


het Pe GO a ea a 
| 
v 
4 
huh 
LJ 
fe i 
je] 
“a 
pe. 
mr 


LA Ln 
ma? ie he 
Ft 
tee} 
— 
ea 


i 

fs 

my 
itt 
<= 
pate 
= 


Clisf dsC0lse)s°#-MIH"sClLisS)-Clis 7] 


a 


Load 


ids weit 2Gbes sib ese 


gia Hee} 
hi iy ia) ne 


an Vee ea 



























({ ®JA-08ho- '6Ot« co 

C$25-861) anes belJ3 4601. CLOT eta st Saint oe 
CE AElC3 NI, bot eee BHOS Ep lvet $¢ 
y G! OF i#]. ee 

OG! SE LIDSE ERAT 9 3) as q | 
1 “34 6 } ; 

| ¢ nT @=l 909 Bey 

YG" e+ sc ha 

e.2tas: (2 a8 AKO S84 ion = : 

‘SS Palas BIANTS TRMAE 
* J99.AT STIMU « Amen “Hh a “279A Jaa" THIS 


<r rer aac 12 Jae Sot 


a 


at Het Ce wWeleet. 
CF vt IDEA Loewe tty Data. * HER’ Y OSE « 
VE’ SO. Sre0es 40S 25 te 


‘£33 batt 32+" WIM\@" efibe £1048 @) nde AITFM" (GSS Bly STIS 


roe 35, Gae.21) [ 

“O° ehaS &9eNTS TAME 
.OvSsSG.Srat Te JOCRBE Et? 
| HAI Cos Decl FIIAC TICS TA-GOL aos 

EL ESOL C79, Ge HlS e JIeSR ASAT Vee Tee! RR lag telat ag yom 
(80 .#6403+5 JQe@r Svele eS Jee: geet by ve 1d478. Seer e O57) 2f eso ete: 
CNC18  BSel b ve 418, Abel 1O 13eeer, FLO es FaHb ELH Bah 1D )+E@ 5 13808 
CLS 10+O1 SCC HIVE BIV-OOL I 46 Cad Jel Gas eS ie a 
ae! fs Dee (eee ae S$ JoehUsS 13 

CSeSILerS Ie “HIME? ebOoS WahiBe trent pon sy be 7 

“2” O87" 40 c+ ion 2a rbIDBRSee 


hs HELV TTOCOBRS (LE 3¥- “Cored yf oA vi 3: 
Day 






O23 fe ee 
os 
a? ihe 


ii 


POA 


or mo a 


Para 


i 
mi a 


3h 
2 i ma me 


hat 


LA 


eR 
jet 


Le 


its 
= 
a 


ces 


i ma mr me ms 


P34 
at 


ar 


el 
hab 


i 


=, 
ia 


Se SO LAG hee Ma 


“wo 


Mi Ea a ee 


2 Pe a ee 23 Pea fa od Pe ee ee 


Pe MOYO OA BR hohe mi 


: fe £23 Ce £23 c, 


BERR ERI 
Pa ee 
7 a me Er i a 


m3 


INDIRECT MODE MATERIAL BALANCE PART 2 


TABLE 7-11 


COM HSCS Is FSC SIs vS03 7. RS 
FORMAT Fe.2s58sPR. 25 12% 

FORMAT 2?ésF 
FORMAT FS.2:28.F 8, 
DISP "NOW RUH 7B" 

[F PL2J=0 THEN 324 
IF PLSJs6 THEM 239 
IF PC@1=6 THEN 233. 
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CALCULATED DATA ARRAY FOR INDIRECT HEATED MODE BALANCE 


BTIU/TON 


HEAT 
DIFFER. 
BTIU/TON 


CO2 IN | CO5 OUT 
#/Min 


Hy OUT |No our 

IN PROD.| IN PROD. IN PROD. 
GAS GAS GAS 
SCFM SCFM SCFM 


TABLE 7-12 


ORGANIC 
CEN 
#/Min. 


ASH OUT 


KEROGEN KEROGEN 
IN OUT 
#/Min. 


H 20 VAP. 
BTU/TON 


ORGANIC 
CLOUT 
t/Min 


C4's OUT 

IN PROD.]IN PROD. | IN PROD. 
GAS. -GAS GAS 
SCFM SCFM SCFM 








bf 
i 


i i 
. ‘ e 
¢ 7 A eg y 2 
. ’ ‘ - 
ehice 5 7 . — 
, . | 
f J 
é 
q a 7 , 
~ 7 Wea fe 
- * 7 
* 4 .] 
A a - 
a! ~ ° ' € / 
4 ste. . , c 
‘ 
. ' a 
ey # ® 7 - 
* 4 
‘wUK = | 
7 i" 2 4 1) | - - 
’ , : - ys, 7 
ey 7 fy a ‘ia 7 4 on i 14 4 77 A : 
wt ‘ , wei. rr? Ki fi 4 
i ’ we avi Fi (qi ‘ ’ 
7 
f 1 ify 5] Ul 
> . i 
i Ul al 
o a a 
a ee be Seats a Fy 
¥ is : 






TUCO cD Tu <° TO: ck 
2085 IE GOR HIF - GOR? HI i. 
24D BaD 2Ao 


M32 MTe Bite 


TUO 2" TUO 38.9 
oat “11 cond fir 
2h . 24D 
MTZ MID2 








? 
* :) 
s 4 : ’ 
‘ 7 
~ ” 
: Prva te 2 ete ’ 
7 ' f 
eas i 
5 1 t i r 
i 
‘ 3 
. 
, . 
‘ : ' 
‘ 
/ 








te A ES a 





Cec 





@ 


TABLE 7-13 
BASIS: 1 TON DRY SHALE 


INDIRECT MATERIAL BALANCE 


ASH BALANCE 


(dry raw shale in, #/min) (100) (wt.% ash in raw shale) 
(100-wt.% lab moisture) 100 


ft 


to convert from dry to wet basis 


ASH IN #/min. 


ASH OUT #/min. 


(retorted shale out,#/min) (wt.% ash in retorted shale) 
100 


KEROGEN BALANCE 


KEROGEN IN #/min 


in, #/mir 
(100 - wt% ash - wt% mineral COz - wt%t Fischer Assay H70) x Lary shale ny tein) 09) 


(100 - wt% lab moisture) 


—d 


(product gas, SCFM) 


I E} in i 
KEROGEN ,OUT #/min = (37973 scF/# mol) (100) 


> (volume % of comp. i) (M.W. of, comp. i) 
5 


where i is all gas componenets 
except No, O7 and H20 


+ (retorted shale out,#/min) (100 - wt% mineral CO? - wt% ash) + (product oil, #/min) 
100 


- | (wt% mineral CO) (raw shale in,#/min) (100) -(wt% mineral CO) (retorted shale out, #/min) 
(109 - wt% lab moisture) 


a 


100 


adjustment to lst term for release of mineral CO9 
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TABLE 7-13 (Contd) 


WATER BALANCE 


(dary raw shale in,#/min) (100) | (Fischer Assay wt% H20 - lab moisture wt% net) 


WATER IN #/min = | (100 - wt% lab moisture) 





100 


(dry raw shale in,#/min) (tylab moisture ,wt%) 
oF (100 - tylab moisture, wt%) 


(product gas, SCFM) (Volume % H30) (18.2#/#mole). 


WATER OUT #/min = (H90 out in oil & condensate,#/min) + (100) (379.3 SCF/# mol) 


NOTE: It is assumed that the retorted shale is totally water-free. 


This was confirmed by several specially handled retorted 
shale samples. 
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TABLE 7-13 (Contd) 


TOTAL HYDROGEN BALANCE 


in, i i ~ i 2.02/18.02| 
TOTAL HYDROGEN IN #/min = ~G=Y =a" Shale in,#/min) [ives H2 in raw shale)- (wt% lab moisture) 
(100 - wt% lab moisture) RE RAE RS RR ATR Ee I 


100. 


+ (dry raw shale in,#/min) (wt% tylab moisture) PALO: 
(100 - wt% tylab moisture) 18.02 


TOTAL HYDROGEN OUT #/min = (product oil out,#/min) (wt%’ H in oil) + (retorted shale out #/min) (Wt% H in retorted shale) 
100 


+ (HgO in product oil and condensate, #/min) ae oy 


+ (1.01 #H/#mol) (product gas, 


cede >_ (volume % of H bearing Gas comp. i) (No. of H atoms in comp. i) 
(100) (379.3 SCF/# mol) 


ee over all hydrogen bearing components 
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TABUS= 7 13 (Contd) 


ORGANIC CARBON BALANCE 


USA sa ye 
; .. _ | (dry raw shale in, #/min) (100) [iwes C in raw shale) - (wt% mineral CO) 44.01 | 
CREENTE CARBON INF 7min= (100 — wes lab moisture) 100 
eae 


ORGANIC CARBON OUT #/min = (retorted shale, #/min) |(wtt% C in retorted shale) - (wtt% mineral CO9) 44.01 


+ (product oil, #/min) (wt% C in oil) 


crn (lees rot =e (product gas, SCFM) (Volume % of C bearing gas comp. i) (No. of Carbons in comp. i) 


(379.3 SCF/#mol) (100) F 


€summed over all carbon bearing 
gas components 


- (12.01) (wt% mineral CO) (dry raw shale in,#min) (100) _ 


(44.01) (100) id0i=nuEelabeaieture) (wt% mineral CO) (retorted shale out, #/min) 


adjustment to remove mineral cO., from 
organic carbon balance. 


CARBONATE DECOMPOSITION 


(dry raw shale,#/min) (100) (wt* mineral CO2) -(retorted shale,#/min) (wt% mineral CO>) 
CARBONATE DECOMPOSITION WT% = | (100 - wt% lab moisture) (109) 





(dry raw shale,#/min) (100) (wt% mineral CO>) 
(100 - wt% lab moisture) 














TABLE 7-13 ( Contd) 


ORGANIC NITROGEN BALANCE 


(dry raw shale in,#/min) (100) (wt% N in raw shale) 
(100 - wt% lab moisture) (100) 


ORGANIC NITROGEN IN #/min 


ORGANIC NITROGEN OUT #/min 


(product oil,#/min) (wt%’ N in oil) + (retorted shale,#/min) (wt% N in shale) 


# N 3.793 HSCF 
+ (NH3 in product gas, SCFM) (14.01 1( oa 





#mol # mol 


100 


OVERALL BALANCE 


TOTAL WEIGHT IN #/min = (dry raw shale in,#/min) 1 + (tylab moisture, wt%) 
(100 - tylab moisture, wt%) 


TOTAL WEIGHT OUT #/min = (product gas, SCFM) (specific gravity of gas) (28.97) + (product oil,#/min) 
(379.3 SCF/# mol) 


ae (HO in oil & condensate, #/min) + (retorted shale, #/min) 


mi ml 
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INDIRECT MODE MATERIAL BALANCE 
for C5+ LIQ. BASIS PART 1 
TABLE 7-140 
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INDIRECT MODE MATERIAL BALANCE 
FOR C5+ LIQ. BASIS PART 2 
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TABLE 7-16 


C5+ LIQUID YIELD CALCULATIONS 


M.W. of LIGHT NAPHTHA = 504.66 - 12.66(light naphtha CAPI) + 0.0921 (light naphtha Capt)? 


M.W. of HEAVY NAPHTHA = 504.66 - 12.66 (heavy naphtha CAPT) + 0.0921 (heavy naphtha °aPrz)2 


TOTAL COMBINED = (light naphtha in gas, SCFM) (M.W. of light naphtha) + (heavy naphtha in gas, SCFM) (M.W. of heavy naphtha) 


NAPHTHA, #/min (379 SCF/#mol) (379 SCF/#mol) 
TOTAL COMBINED = (total combined naphtha,#/min) (60 min/hr) 
NAPHTHA ,gal/hr (density of combined naphtha, #/gal) 


LIGHT NAPHTHA = (light naphtha in gas, SCFM) (M.W. of light naphtha) 
Gal/ton (379 SCF/# mol) (light naphtha density, #/gal) (moist raw shale in, tph) 


HEAVY NAPHTHA = (heavy naphtha in gas, SCFM) (M.W. of heavy naphtha) 


‘Gal/ton (379 SCF/# mol) (heavy naphtha density, #/gal) (moist raw shale in, tph) 
VOL% of F.A. = (dry oil, gph) + (total combined naphtha, gph) 


(moist raw shale, tph) (F.A. raw shale, gpt) 


Adjustments have also been made to the component & elemental balances to account for the differences inherent 
to the C5+ basis. 
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In Section 7.1 presented previously, the text 
captioned "Notes Applicable to Direct and Indirect Mode 
Material and Heat Balances," discusses some of the bases of 
calculations. Further explanation is presented in Table 7-18 


in two parts. 


Figure 7-5 shows the heat balance boundary and 
identifies the streams tabulated in the print out. Table 
7-19 is a print out of input data, the material balance, 
and heat balance for Indirect Heated Mode Run SW-28, combined 


tests A-4.1 andeA—4'. 2. 
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INDIRECT HEATED MODE HEAT BALANCE 


TABLE 7-17 


COM HSC6);FS09);7S5031R5051;7T5091,G5015);PS013),C50 18516) 
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INDIRECT HEATED MODE HEAT BALANCE (CONTD) 


TABLE 7-17 (CONTD) 


660 PRINT TABS" HEAT IH“ TABSS” HEAT OUT" 
676 PRINT 

620 FORMAT “SHALE IN":144sFS.8s74s "OFF GHS"s154;F8.0 

630 WRITE ©£155:638°51;55 
766 S6=6. 2224e(TL6 Jo? rf aes 
716 FORMAT “TOP GAS IH"sl 
726 WRITE ©15:7169D1;56 
738 S7="C6 145. 33e¢141. a7 
746 FORMAT “MID GAS IH"stlesx 
758 WRITE (15: 7483D2:57 


BagevCiJ/FC1) 

#¥sFS.0s74s "RET SH GUT» 1245F5.8 
31.5)94¢8.4782TL 11-3 $6.99/F01) 

SG 74s "OIL MIST OUT"s i6esFS.8 


768 S8= CFC 2 1#1686- aes co om FL) #1258 €186-FO09])5+2080 
776 FORMAT “BOT GAS IH" HsPFS.Gs74s "HEO VAPORIZATION» 6e.F8.8 


736 WRITE C1527?) 3,56 


4a 
es 
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936 K2=32¢20H8 
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956 WRITE £15: 948342 

966 1=$1+S2+53 
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980 0=S6+S5+Se+S7+5s+59+L+a2 

99@ UW=I-0 
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1416 WRITE 15s 1000230 

1426 FORMAT 378s "SEI4 LOSSES": 118:Fs.8 

1936 WRITE £15: 18283_ 

1446 FORMAT sFas “TD 5 


195@ WRITE (15s 184) J 

1960 FORMAT 23%. "------- "30M "------- ? 
1876 WRITE <15s ; 
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1161 COSs2)=s2 

1118 C£5:3 )7=53 
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1156 CO5:87=55 
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TABLE 7-18 
BASIS: 1 TON DRY SHALE DATUM: 77°F 


HEAT BALANCE (INDIRECT MODE) 


HEAT IN: 
Oil Condensation = (Oil produced, gph) (Oil density,#/gal) (70 Btu/1b) 
Btu/Ton dry raw shale, tph 


Raw Shale In “4 x 107° (temp. shale in,OF)2 + 0.2068 (temp. shale in,°OF) - Lemar | (208/800) 
Btu/Ton 


TOP GAS IN = > (vols of gas comp. i)/fenthalpy of comp. i at PEMCSE of comp.i)}| | (top gas, SCFM) (60 min/hr) 

Btu/Ton dist. inlet temp, Btu/# (100) (379 SCF/#mol) (dry raw shale,tph) 

MID GAS IN = > (vols of gas comp. i)/fenthalpy of comp. i at mid\(M.W. of comp.i)| | (mid gas, SCFM) (60 min/hr) 

Btu/Ton dist. inlet temp, Btu# (100) (379 SCF/#mol) (dry raw shale, tph) 

BOTTOM GAS IN = > (volt of gas* comp.i)/enthalpy of comp.i at Rr ebem\M of comp.i) (bottom gas, SCFM) (60 min/hr) 

Btu/Ton gas inlet temp, Btu/# (100) (379 SCF/#mol) (dry raw shale,tph) 

*where the water content of the recycle gas is adjusted for condensation 
that occurs in the bottom gas cooler. 

HEAT OUT: 


RETORTED SHALE OUT = (0.2224 Btu/#°OF) (retorted shale temp - 77,°F) (2000#/ton) (retorted shale, tph) 


btu/ton Raw shale, tph 


OIL MIST OUT = (oil produced,gph) (oil density #/gal) [0.478 (off gas temp, °F) - 36.8] 
Btu/ton (dry raw shale, tph) 
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Table 7-18 (Contd) 
PYROLYSIS OUT 


Btu/ton 


(32 Btu/#) (2000 #/ton) 


SKIN LOSSES 
Btu/ton 


i] 


10,000 Btu/ton 





aes a 
LIQUID WATER OUT = id H50,gph) (8.337 #/gal) [1.3302 + 0.0354\1000/ + 0.054 \1000 -° 0.0162\1000 
AS VAPOR 3(dry raw shale, tph) 


Btu/ton 


Where TDIT is top distributor inlet temperature, °F 


OFF GAS -| Scots of gas comp. does of comp. i at off ) (iW, of comp. i) | ote gas rate, SCFM) (60 min/hr) 


Btu/Ton gas temp, Btu/# (100) (379 SCF/# mol) (dry raw shale in,tph) 
H50 é 
2 (tylab moisture,wt%) (1000 Btu/#) (raw shale F.A. water, wt% - lab moisture,wt%) (1250 Btu/#) 
ee U £ e e a ? 
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Seepage a = (2000 #/ton) |} (raw shale min.CO9, wt%) (100) _ (retorted shale, tph) (ret. shale min. CO2,wt%) 
(100) (44 t (L001 — lab moisture, wt%) (raw shale, tph) 


# mol 


then if carbonate decomposition, measured as #mol/ton of C09, is less-than or equal 

to 2.5, multiply amount liberated by 58, 835 Btu/# mol as the heat of decomposition 

of MgCO3. It as assumed that all carbonate decomposition in excess of 2.5 # mol/ton 
production of CO2 is liberated from the decomposition of CaCO3, whose heat of decomposition 
is 75096 Btu/#mol. 


Difference = >_ Heat Inputs - 3 Heat Outputs 
Btu/ton 


HEAT IN = shale in + top gas in + mid gas in + bottom gas in + oil condensation 
Btu/Ton 


HEAT OUT = off gas out + retorted shale out + oil mist out + H90 vaporization + carbonate decomposition + pyrolysis 


+ liquid H20 out as vapor + skin losses + difference 
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APPENDIX C 


Run Evaluations and Equipment Changes 


Start 


Date 


4/9/74 
5/8/74 


5/28/74 


6/16/74 


6/25/76 


7/10/74 


Key Results Pre-Run Equipment Modifications 
Particle residence time in the retort None 


is independent of radial position. 


Particle residence time in the retort None 
in independent of particle size. 


Initial air and gas rates for process None 
operability were established. 

Momentary power outages plagued run. 

Three test periods obtained. Planned 

shutdown. 


The importance of maintaing plug solids None 
flow in the retort was demonstrated. 

Grate misallignment and inadequate feed 

screening caused carryover of dust to 

the precipitator. Problems described above 

and a power failure resulted in a shut- 


down. 
Variations in fire-off procedures Re-centered grate pusher 
were investigated. Four unsuccessful bar. 


fireoffs were made. Equilibrium con- 
ditions were never obtained. 


The ability to place the retort in None 
standby and restart several hours later 

was demonstrated. It was concluded 

that the bed height above the top air/gas 

distributor was too great, causing 

refluxing and consequent bridging. 

Equilibrium conditions were not obtained. 


Run 
No. 


PP=5 


BE=6 


PP-7 


PP=-8 


PP=9 


PP=10 


Process 


Operated 


Direct Heated 


Direct Heated 


Direct Heated 


Direct Heated 


Direct Heated 


Direct Heated 


Start 


Date 


7/24/76 


6/6/74 


10/6/74 


10/31/74 


11/19/74 


12/7/74 


Key Results 


Five equilibrium test periods were 
obtained. Three standbys were 
required for equipment failure and 
power outages. Bridging occurred 
during the run, but operation was 
continued as scheduled, 


Five equilibrium test periods were 
obtained at mass rates exceeding 
400 #/hr/ft?. Bridging occurred 
during run, but did not stop 
operation. 


Equilibrium conditions were not 


attained. Problems were encountered 
with shale feed rate control causing 


fluctuations in bed temperatures. 


Various start-up. procedures were 
investigated. Eight fire-offs were 
made, with six resulting in loss of 


fire. The eighth fire-off failed due 


to fluctuations in shale feed rate 
similar to PP-7. 


Four equilibrium test periods were 
obtained at mass rates up to 633 
#/hr/ft?. Start-up success was 
improved by using signal flares 
rather than diesel soaked blocks to 
ignite a fire. 


Four equilibrium test periods were 


obtained at higher mass rates to 
640 #/hr/ft2. 


Pre-Run Equipment Modifications 


The bed height was lowered 
by one foot to prevent 
refluxing. 


None 
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Bed height was lowered for 
start-up only to minimize 
refluxing conditions. 
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4/5/75 


5/12/75 


6/11/76 


7/4/75 


Key Results 


Initial characteristics of the 
Indirect heated process were 
determined. A stable operating 
period was obtained. Erratic 
retort pressure control caused 
air in leakage and undersirable 
combustion. Complete retorting 
was not attained. 


Further definition of Indirect 
heated process. Four start-up 
attempts were made. Continued 
operation was handicapped by poor 
pressure control, grate stoppages, 
gas leaks, and heater problems. 


Considerable success was realized 
in putting the retort back on line 
after standbys up to 7.6 hours in 
length. Problems with auxiliary 
equipment interfered with 
establishing equilibrium throughout 
run. 


Experience was gained in start-up 
procedures for Indirect heated 
operation by transition from direct 
heated operation. Density product gas 
caused blower operation problems - 
difficuit to maintain. Design gas 

to shale ratios caused refluxing 
during all operation. Run terminated 
by heater failure. 


Several stand-bys were required for 
mechanical repairs preventing 
equilibrium conditions from being 
established. The recycle gas heaters 
were inoperable after the first three 
start-up attemps. Operation was 
continued as direct heated retort. 


Pre-Run Equipment Modifications 


A double rotary seal was 
installed to minimize gas losses. 
Orifice holes were enlarged 

to accommodate higher gas 

rates. 


A smaller product gas control 
valve was installed for 

improved pressure control. 
Permanent drain lines were 
installed at low point collection 
points. 


Product gas control valve 
changed back to direct mode 
size. Bed height increased. 


An oil coalescer assembly 
upstream of the ESP was in- 
stalled to lower the mist 
loading and stabilize the 
electrostatic precipitator 
operation. 


An additional suction stage 

was installed on the recycle 
gas blower to improve operation 
with light gas. 


‘Run Process Start ; 
No. Operated Date Key Results Pre-Run Equipment Modifications 


PP-16 Direct Heated 12/8/75 This run represents the longest Bed height decreased. 
period of continuous operation 
thus far achieved. Product gas 
from the Pilot Plant was used as an 
emergency source of purge gas for 
Indirect mode operation in the semi- 
works. A total of 16 equilibrium 
test periods were obtained with 
successful duplication of test 
conditions established in semi- 
works run SW-20. A minimum of 
operator attention was required. 
Stand-bys were required occasionally 
for the minor equipment repairs. 
Following a stand-by to clean 
the middle distributor orifices 
excessive wet fines in the raw shale 
led to a decision to shutdown. 


PP=1:7 Direct Heated 2/26/76 Start-up procedure of PP-16 was None 
successfully duplicated. Drive chain 
broke on bottom rotary seal necessitating 
a stand-by. Return to operating conditions 
after standby was unsuccessful. 


PP-18 Direct Heated 3/3/76 Fire-off successful. Operation was None 
regained from three standbys, one 
of 18.1 hours duration. Operation was 
primarily intended for an emergency 
supply of purge gas to the semi-works 
in indirect operation. Mechanical pro- 
blems required four standbys. Shutdown 
was caused by shearing of the bottom 
rotary seal hub. 


PP-19 Direct Heated 3/31/76 Three equilibrium test periods were None 
obtained while running richer than 
normal shale (32 gpt). Parametric 
studies of air split to the top and 
middle distributors were performed. One 


standby was required for hub repair on 
the bottom rotary seal. 
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SW-2 


sw-4 


Process 


‘Operated 


Cold Flow Test 


Direct Heated 


Direct Heated 


Direct Heated 


Direct Heated 


Start 


Date 


8/23/74 


8/27/74 


10/15/74 


11/12/74 


11/26/74 


Key Results ; 


Particle resident time was not affected 
by size. Particles near the walls are 
slower in descent than those in the 
center. Particles near the flat side 
walls were 8% slower than those in the 
remainder of the bed, There was not a 
significant difference in residence time 


between the four quadrants of the retort. 


An initial equipment shakedown was 
performed. Four start-up procedures 
were investigated. Damage to the 
thermocouple probe was evident in the 
first three start-up attempts from 
overheating. Hydraulic system failures 
on grate mechanism ended two start-up 
trials. 


The second start-up was satisfactory 
until problems were encountered with 
the precipitator. Partial bridging 
and pluggage of the off-gas collectors 
ended start-up one. The second start- 
up was terminated by a short in the 
electrostatic precipitator. 


Start-up procedures were further 
developed. Fines and dust carry-over 
plugged off-gas collectors and prevented 
efficient flow of oil from the 
precipitator. 


Start-up procedures were further 
developed. Unsuccessful start-ups were 
attributed to excessive fines feed to 
the retort. 


Pre-Run Equipment Modifications 


None 


Additional propane capacity 
was added to supply fire- 
off requirements. Insula- 
tion was added to the ther- 


* mocouple junction box for 


protection. A new 
thermocouple probe was 
required. 


Hydraulic seals on the grate 
cylinders were replaced with 
high temperature resistant 
material. Other modifica- 
tions to the grate cylinders 
were made to prevent heat ~ 
and dust problems. Grate 
contour changes made to 
correct shale flow 

pattern. 


Extensive maintenance was 
performed on the electro- 
static precipitator. 

Grate hydraulic cylinders 
were relocated to prevent 
dust and heat contamination 
of the seals. 


None 





Run 


No. 


SW-5 


sw-8 


SW-9 


Process 
Operated 


Direct Heated 


Direct Heated 


Direct Heated 


Direct Heated 


Direct Heated 


Start 
Date 


12/12/74 


1/9/75 


1/17/75 


4/26/75 


5/24/75 


Key Results 


The third start-up ran for over nine 


days and four equilibrium test periods 


were obtained. Leaner shale was used 
on the third start-up. The start-up 


procedure developed for PP-9 and PP-10 


were adapted to the Semi-Works. The 
final shutdown was attributed to 
excessive fines fed to the retort. 


Start-up procedures were further 
investigated and modified. 


This run represented 56 days of 
operation without the need to empty 
the retort and fire-off again. A 
total of 32 equilibrium test periods 
were obtained. Considerable success 
was realized in restarting after 
lengthy stand-bys. Stand-bys were 
required for cleaning of the off-gas 
collectors, external removal of 
bridged material, and mechanical 


failure and checks. Oil rundown lines 


required occasional cleaning. 


Seven test periods were obtained 
during the third start-up with 

no evidence of bridging. Coke build- 
up in the middle air/gas distributors 
terminated the third run. 


Mass rates as high as 625 #/hr/ft2 
were attained. Start-up was 
accomplished with lean shale. Stand- 
bys were required for mechanical 


equipment repairs. Mechanical failure 


of the recycle blower motor required 
shutdown. 


Pre-Run Equipment Modifications 


The precipitator was modified 
by installation of sludge 
removal pots. Flushing oil 
was provided for the bottom 
of the precipitator to remove 
sludge. 


The 10-inch top distributors 
were replaced with 6-inch 
diameter to improve shale 

flow. A drain system on the 
recycle gas lines was installed 
to prevent oil build-up at the 
orifice plates. 


Rodding ports were installed 
on the side of the retort 
above the top distributor to 
provide a means to dislodge 
bridged material externally. 


A polishing screen was in- 
stalled to remove fines pro- 
duced at various transfer 
points and in the storage bins. 


None 


Sw-1l1 


SwW-12 


SwW-13 


Process 


Operated 


Indirect Heated 


Direct Heated 


Direct Heated 


Direct Heated 


Start 


Date 


6/22/75 


8/12/75 


9/29/75 


10/2/75 


Key Results 


Various start-up procedures were 
investigated combining direct/ 
indirect operation. 


Experience was gained in higher 

mass rate operation. The loss of 

bed temperature measurements in the 
combustion zone resulted in loss 

of control locations and consequent 
shutdown of each of the three start-up 
attempts. 


A shakedown of new equipment and 
modifications performed during 
the turnaround was accomplished. 


Operational problems were attributed 
to too great a bed height above 

the top air/gas distributor. 
Refluxing conditions resulted. 


- Pre-Run Equipment Modifications 


A coalescer system was installed 
to relieve oil mist loading to 
the precipitator. Stainless 
steel 10-inch gas distributors 
were installed with large orifice 
hole openings. A second rotary 
seal was added at the bottom 

of the retort. Provision was 
made to use the 300 BHP blower 
while the 700 was under repair. 
Different bed height adjustments 
were tried. : 


None 


A major turnaround was undertaken 


for equipment cleanup, repair 


and modification as follows: 
Rotary solids distributor was 
lengthed and off-gas collectors 
removed;new temperature and 
pressure probe installed; 6-inch 
diameter air/gas distributor 
replaced 10-inch. Orifice holes 
in top air-gas distributor were 
reduced in size for better 
distribution. 


None 


Run 
No. 


sw-14 


sw-15 


SW-16 


SW-17 


sw-18 


SW-19 


SW-20 


Process 
Opearting 


Direct 


Direct 


Direct 


Direct 


Direct 


Direct 


Direct 


Heated 


Heated 


Heated 


Heated 


Heated 


Heated 


Heated 


Start 
Date 


10/5/75 


10/5/75 


10/8/75 


10/16/75 


10/25/75 


10/27/75 


11/4/75 


Key Results 


A larger top size on the raw shale 
feed was tried to compensate for 

too much bed height. A portion of the 
combustion zone was lost shortly after 
fire-off requiring shutdown. 


Larger top size shale was tried again 
with results shown that retorting of 
the larger particles was complete. 


An investigation of larger top size 
feed continued. Restriction of flow 
through the middle air/gas distributor 
and a partial bridge forced a 
shutdown. 


Equilibrium was attained after the 
fourth start-up, allowing test period 
calculation. Failures of the first 
three start-ups were attributed to 
plugged distributor piping and excessive 
fines in feed for the fourth start-up.. 


Further success was gained in the 
start-up procedure. 


Operation after start-up two was stable 
enough to allow test period calculation. 
Increasing orifice sizes in the top dis- 
tributor was significant on operations, 


High oil recovery and trouble free 
operation were demonstrated for nearly 
26 days. Consecutive test periods were 


Pre-Run Equipment Modifications 


None 


None 


None 


The off-gas collectors were 
reinstalled to lower the bed 
height. An on-line gas 
chromatograph was installed. 


None 


Orifice holes in the top air/ 
gas distributors were enlarged 
to that size used in SW-10. 
Smaller holes existed during 
sw-12-18. 


None 


obtained at identical operating conditions. 


Special tests were performed to determine 


basic design data. Brief power failure 
interrupted run requiring stand-by 
occasionally. 


Run 


No. 


SW-21 


SW-22 


SW-23 


SW-24 


Process 


Operated 


Indirect Heated 


Indirect Heated 


Indirect Heated 


Indirect Heated 


Start 
Date 


12/10/75 


12/18/75 


1/10/76 


2/13/76 


Key Results 


Start-up procedure for the Indirect 
mode was established. Moisture 
content in the recycle gas was 
controlled by cooling with the 
coalescer. Hot gas was injected 
only at the top distributor. 
Continuous problems were experienced 
with maintaining heater firing. 
Problems were encountered with 
holding retort positive pressure. 


Further experience was gained in the 
Indirect operations. Incomplete 
retorting was experienced. Retort 
pressure control continued to be a 
problem. The retort was shutdown 
after an ignition occurred in the 

top gas line as a result of air being 
drawn into the retort during a 
negative pressure condition. 


This run demonstrated operability of 
the indirect heated process. 
Considerable progress in improving 
thermal efficiency was made through 
the run. Heater outages were 
experienced frequently. 


Heater problems affected process 
conditions. 


Pre-Run Equipment Modifications 


A packed section in the 
coalescer, with oil circulation 
system for cooling the off-gas 
and condensing water was 
installed. Stainless steel 
distributors reinstalled with 
larger orifice holes. Lowered 
bed height. 


Further improvement was made in 
heater operation by various 
modifications. Six vane rotary 
seal replaced four vane in the 
retort top to minimize gas 
leakage. 


Heater repairs were performed 
as necessary. An air filter 
was installed on the primary 
air blower of the heater to 
prevent dust intake. Orifice 
holes in the bottom gas 
distributor were reduced for 
lower rates. A stand-by was 
taken during the run to install 
the bottom gas cooler. 


Oil recovery system was modified 
for combined rundown of oil 
production. 


Run 
No. 


SW-25 


SW-26 


SW-27 


SW-28 


SW-29 


SW-30 


sw-31 


Process 


Operated 


Indirect Heated 


Indirect Heated 


Indirect Heated 


Indirect Heated 


Combination 
Mode 


Combination 
Mode 


Combination 
and Indirect 
Heated 


Start 
Date 


2/18/76 


2/28/76 


3/6/76 


- 3/12/76 


3/25/76 


3/31/76 


4/2/76 


Key Results 


Particle agglomeration and pluggage 
of the off-gas piping required shut- 
down. 


Special water samples were taken. 

Bed restrictions and pluggage of off- 
gas piping caused unstable operation. 
These plus a power outage necessitated 
a shutdown. 


Leakage in the recycle gas heater 
delayed start-up. Grate electrical 
problems resulted in bridging which 
terminated operations shortly after 
start-up. 


Several equilibrium test periods 
were obtained at conditions of high 
thermal efficiency. Oil viscosities 
were lower than normal. During a 
transition to higher thermal effi- 
ciency, bed pressure drop requiring 
shutdown. 


Initial results of the combination 
heated process were obtained. 
Equilibrium test periods were 
derived. Discharge grate control 
malfunctioned causing loss of shale 
discharge. 


Start-up was unsuccessful. 


Oil viscosities were particularly 


lower than previous indirect operation. 


Pre-Run Equipment Modifications 


Repair of recycle gas heater. 


Number of orifice holes in 
the bottom gas distributor 
were increased to handle 
greater gas rates. Orifice 
holes in the top gas distri- 
butor were enlarged to reduce 
shale abrasion. 


An increase in bed height was 
made to prevent refluxing and 
consequent bridging. Modifica- 
tions were made to the blower 
to prevent gas leakage. 


None 


None 


None 


None 


Indirect operation was made to duplicate 


past operating results and conditions. 


This run was hindered by severe leakage 


in the recycle gas heater. 
was difficult to control positive. 


was shutdown as scheduled to complete 
project procran. 


Top pressure 
Retort 


ErahB 


APPENDIX D 


TEST DATA 


The test data tabulations in this section account for 
only those periods of retort operation that have been used to 
calculate complete operational and product data. A complete 
accounting of all operational time will be found in Appendix 


Section A for the Pilot Plant and Section B for the Semi-Works. 
BASIS 


The technique of Bees ining laboratory and operating 
data and methods of processing this data have improved throughout 
this project. A common basis was chosen for presenting the data 
from all test periods for each mode of operation. Average values 
were calculated from most recent and reliable data. These values 
were used for the earlier runs where such information was not 
previously available or was considered to be unreliable. These 


values and the runs in which they were used are shown on Table D-l. 


A light naphtha content of 0.62 Vol% in the gas 
stream for Indirect Heated operations was averaged from data 
collected during Semi-Works Run SW-23 and SW-28. This value 


was used for all Indirect Heated Mode data presented. 


Retorted shale rates were calculated using an ash 
balance for those periods showing a deviation of more than + 12 


from measured values. 





ExshB 


The column shown as Hot Gas for the Indirect Heated 





data reflects the heat content of the hot gas entering the top 


distributors as calculated from the eon Datum. 
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Raw 
Raw 
Raw 
Raw 
Raw 
Raw 
Raw 
Raw 
Raw 
Raw 


Lt 


Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 


Manometer 
Manometer 
Run Down Tank Gal/In. 

Cooling Water Gal/Min 

Cooling Water A Temp, °F 
Cooling Water, Gal/Min 
Cooling Water A Temp OF 
Retorted 
Retorted 
Retorted 
Retorted 
Retorted 
Retorted 


Oil 
Oil 
Oil 
Oil 
Oil 
Oil 


Wts 
Wt% 
Wts 
Wt 
Wt 
Wt 


ieee it) ©) 


Product G 
Product G 
Product G 
Product G 


Product G 
Product G 


TEST DATA VALUES 


TABLE D- 1 


em 


Moisture Wt% 

Moisture Wt 

Lab Moist. Wt 
Lab Moist. Wt% 
Wt 
Wt% 
WtS 
WtS 
Wt 
Wt 
IMATE. NO-o-di 
Blusd “No. tL 


A ar oy oo) 


Shale Wt3 
Shale Wt3 
Shale Wt 
Shale Wt3 
Shale Wt 
Shale Wt% 


Seat cle rate 2) CD 


asm (Wet) VoLl2zCe+ 
as (Wet) Vol%Cct 
as (Wet) Vol%Cct 


as (Wet)Tot.Anal. 


SW-20'As 
as (Wet) Vo1l%H20 
as (Wet) Vol%H20 


Value 


12,00 
1.00 
0.66 
0.66 
ne ae, 
dope 9 
Lie8.5 
17235 
Uine 1 
Ob5 1 
Lie). 
D7. 
29%65 
bf 
20 
80 
20 
6.24 
6.24 
O3.-1:6 
0.16 
0.20 
0.20 
84.65 
84.65 
11.49 
11.49 
22 
21-02 
0.34 
0.34 
Ui 


20 
20 


Plant 


Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Semi-Works 
Pilot Plant 
Pilot. Piant 
Semi-Works 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot. Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Pilot Plant 
Semi-Works 
Semi-Works 


Plot Plant. 


Pilot Plant 
Semi-Works 


From Run 


Ppa 
SW-5 
PPaa. 
SW-5 
PP=1 
SW-5 
PP rel 
SW-5 
Lg ee 
SW-5 
Pea 
SW-5 
SW-5 
PP=1L 
[Fa 
SW-5 
SW-5 
PP]. 
SW-5 
PP=L 
SW-5 
Bea 
SW-5 
PP. 
SW-5 
Peo 
SW-5 
PP—1. 
SW-5 
—- 
SW-5 
SW-21 
PPL 


PPp=1 
SW-5 


To Run 


PP-16 
SW-7 (PC-1) 
PP-16 
SwW-20 
PP-16 
SW-7 
PP-16 
SW-7 
PP-16 
SW-7 
PP-16 
SW-20 
SW-20 
PP-9 
PP-9 
SW-7 
SW--7 
PP-16 
SW-7 
PP-16 
SW-7 
PP-16 
SW-7 
PP-19 
SW-7 
PP+19 
SW-7 
PP-19 
SW-7 
PP-19 
SW-21 
SW-31 
PP=9 


ies, 
SW-17 
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APPENDIX E 


EQUIPMENT SUMMARY LIST 


Feed Preparation 


Primary Crusher 
36" x 42" Traylor Bulldog, Blake-Type 
Jaw Crusher, 100 HP, -5" setting 
40 TPH capacity 


Secondary Crusher 
Allis-Chalmers Toothed Double Roll 
Crusher, 25 HP each roll, 1 3/4" Tooth 
toprol ilusetting, "sor TPH, capacity 


Pilot Plant Retort System 


Raw Shale Weighbelt 
Ramsey Model 10-11" Vey-R-Weigh" Conveyor 
Scale System for 24" wide conveyor to handle 
4 TPH of shale weighing 85-90 lbs per cu. ft. 
at a speed of 8.5 fpm (15.7 lbs per foot) 


Retort 

Vereucalwcyiindrical wessel, Al-6" O.D., 2:°-6" I.D. 
approximately 33' high with 1/4" carbon steel shell, 
design pressure 10 psig. Retort lining consists of 
one layer of. 1/8" Kaiser Fiberfrac insulating felt, 
7 1/2" of Kaiser Celocast 20 insulating castable 
and 4 1/2" vertical course of Kaiser Aztex fire 
clay brick. One top and two bottom Salina Model 
MFS 1716 rotary gas seals. 


Coalescer 
Vertical cylindrical vessel approximately 7' 
high, 30" 0O.D. with internal pipes of 20" and 
10" for gas flow directional changes and optional 
oil sprays in inlet pipe (field fabricated) 


Electrostatic Precipitator 
Research - Cottrell Tar precipitator, 6" @ by 
6'0" long collecting pipe type, 2 1/2 KVA 
220 Volt - 35000 volt - half wave rectifier. 


Recycle Gas Blower 
Hoffman centrifugal blower with 75 HP meat, 
A P of 5 psig and estimated capacity of 2500 SCFM 


Air Blower 
Spencer Turbine blower with 40 HP motor, 
A P of 80 oz. and estimated capacity of 800 CFM 
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External Fired Heaters 
Brown Fintube Type 102 indirect fired 
heaters with 20 foot section of HK40 firetube, 
duty 600 M BTU/h at 406-635 SCFM of gas up to 
gas outlet temperature of 1300°F 





Retorted Shale Weighbelt 
Ramsey Model 10-11 "Vey-R-Weigh" conveyor 
Scale System for 24" wide conveyor to handle 
4 TPH of shale weighing 85-90 lbs per cu. ft. 
oo speck. Gro omtomn (15.70 Lbs pers tOOc) 


Semi-Works Retort System 


Raw Shale Weighbelt 
Ramsey Model 10-11 "Vey-R-Weigh" Conveyor 
Shale System for 24" wide conveyor to handle 
43 TPH of shale weighing 85-90 lbs per cu. ft. 
Seed specd Ol ys9@rom (L577 Der Loot) 


ReEtore 
Vertical cylindrical vessel 10'-6" O.D., 8'-6" I.D. 
approximately 49' high with 1/4" carbon steel shell 
design pressure 10 psig. Retort lining consists 
of two layers of 1/8" Kaiser Fiberfrax insulating 
felt, 2 3/4" of Kaiser Celocast -20 insulating 
castable and two vertical courses of 4 1/2" Kaiser 
Jaybee SM fire clay brick. One top and two bottom 
Salina Model MFS 1716 rotary gas seals. 


Coalescer 
Vertical cylindrical vessel, 5'-0" 0O.D. approximately 
ia. igh Withean anternal pipe 32" 0.D.,; 51/2 
feet packed section and oil wash sprays 


Electrostatic Precipitator 
Koppers concentric ring type precipitator 
iM aveby 2/7) nigh 35 KVA) Silicon rectifier 
control console 


Recycle Gas Blower ; 
Spencer Turbine Turbo Blower with 700 HP 
motor, 120 oz.A P and estimated capacity of 14,000 
CFM 


Air Blower 
Spencer Turbine Blower with 150 HP motor, 80 oz. 
A P and estimated capacity of 3600 SCFM 


Bottom Gas Cooler 
Horizontal unit, ao. on shell side, water on 
tube side, 784 Ft“, duty approximately, 1MM BTU/h 
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External Fired Heaters 
a Smalling Engineering and Equipment Co., indirect 

fired heaters with stainless steel tubes and 
tubesheets, duty 7 MM BTU/hr at 3,500 to 5,000 
SCMF gas rate up to gas exit temperature of 1400°F 

Retorted Shale Weighbelt 
Ramsey Model 10-11 "Vey-R-Weigh" Conveyor 
Scale system for 24" wide conveyor to handle 
43 TPH of shale weighing 85-90 lbs per cu. ft. 
ata speed of 89 £pm (15.7 lbs per foot) 


Miscellaneous 


Thermal Oxidizer . 
Gas Combustion Retort #3 fire box 30 feet high 
with 60 sq. ft. cross section area, a checker 
brick system in bottom and John Zink burner 
and controls, unit to handle 4100 SCFM of excess 
gas at 2000°F operating temperature of oxidizer 


Steam Generators 
2 Cleaver Brooks package boilers complete with 
boiler feed system each capable of generating 
e255 t7hr oristeammof 950 psig 


€) Instrument Air 
Ingersoll-Rand package air compressor complete 
with dryer capable of producing 125 SCFM of air 
at 100 psig 
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ExahB 


Bed height = 


Bottom gas (air)- 
BTU = 


Carbon residue - 
(residual carbon) 


Clinkers - 
Coalescer - 


Commercial - 
Evaluation 


Conveyor scales - 


Dilution Gas ~ 


Direct Heated 
Mode 


Distributor (Top) 





APPENDIX G 


GLOSSARY 


The vertical thickness of the shale bed in 
the retort measured between the grate 
retarder plate and the bottom of the off gas 
collector. 


Gas (air) quantity to the bottom distributor 
located in the grate structure at the 
bottom of the retort. 


British thermal unit heating value. The heat 
needed to raise the temperature of one 
pound of water one degree Fahrenheit. 


The carbonaceous solid organic residue from 
pyrolysis of oil shale intimately dispersed 
in the retorted shale particles. 


Fused inorganic matter of oil shale owing 
to excessive temperature level. 


Part of the oil recovery system wherein 
an Oil spray contacts the retort off-gas 
and a portion of the contained oil mist is 
agglomerated to a liquid oil stream. 


An investment and operating cost study of a 
commercial oil shale processing facility 
including mining, shale preparation, 
retorting, pre-refining shale oil. (up-grading) 
retorted shale disposal, and supporting 
facilities. 


A device on a belt conveyor which senses 
continuously the weight of material being 
carried by the belt. The instrumentation 
converts the weight sensor Signal and a 
belt speed signal to a weight rate and 
accumulative counter. 


Clean retort gas which is mixed with air to 
moderate the combustion zone temperature. 


Oil shale processing where heat is released 
inside the retort by combustion of fuel with 
injected air. 


(Gas) and/or (Air) The quantity of gas 
and/or air entering the top distribution 
level in the retort. 
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EcshB 


Distributor (Mid) = 
Distributor (Btm) - 
Dolomite ~ 


ESP (Electrostatic-— 
Precipitator) 


Fischer Assay - 
Full Size Module - 


Gas Chromatograph- 
(GC) 


Grate - 


Gross Heating oo 
Value 


Heat Inventory = 


Indirect Heated 
Mode 


Kerogen = 


Marlstone - 





(gas) and/or (Air) The quantity of gas and/or 
air entering the middle distribution 


level in the retort 


(Gas and/or (Air) The quantity of gas and/or 
air entering the bottom distribution level 
at the grate. 


A predominate mineral of oil shale containing 
equal quantities of calcium and magnesium 
carbonate. 


Part of the oil recovery system wherein oil 
droplets are subjected to a high voltage 
electrostatic field. The oil droplets are 
impelled by the field to contact a surface 
to form a film of oil which drains continu- 
ously. 


A laboratory method for determining the 
potential oil yield from a sample of oil 
shale. Described in detail in Volume 4. 


would be one section (or module) of a 
commercial oil shale processing plant. 


Equipment for determining the composition of 
a gas mixture. 


A device in the bottom of a retort for 
controlling the descent of shale through 
the retort. 


| 
| 

A large oil shale processing plant which 

Equal to the higher heating value. The 

heat of combustion determined in a 

calorimeter and is based on the recovery of 

water (from combustion) as a liquid. 

Total sensible heat of the retort equipment 

and its contents. 


Oil shale processing using hot gas heated 
in an external heater to supply the process 
heat requirements. 


A solid organic material containing all of the 
energy values in oil shale. 


A geological classification for oil shale. 
A sedimentary rock containing mixtures of 
Dolomite limestones and argillaceous 
materials. 
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Mass Rate = Shale processing rate usually expressed 
as pounds of raw shale per hour per square 
foot of retort cross-sectional area. 





Mid Gas (Air) Gas (air) quantity to the middle distributor. 

Mine Run Shale - Oil shale blasted from the oil shale 
formation in the mine. The largest lumps 
are usually less than 30 inches in the 
longest dimension. 


Off-gas = Retort gas containing oil mist as it leaves 
the retort bed through the off-gas collectors. 


Off-gas Collectors - A gas removal device for the top of the 
shale bed. In the Semi-Works retort, it 
consists of two inverted transverse channels 
within the shale bed. The gas emerging 
from the channels flows to an external 
manifold. 


Oil mist ms A dispersoid of liquid oil droplets in an 
entraining gas stream. 


Orifice Meter - A device for measuring fluid flow rate from 
the measured loss of pressure when the 
fluid flows through a restricting orifice 
of smaller diameter than the pipe. 
Specifications set by the National Gas 
Association. 


Orsat Apparatus - Gas analysis apparatus for determination of 
C09, CO ‘andi 02) in a) gas’ stream. 


Pilot Plant Oil shale processing system of a vertical 
kiln (retort) with associated solids, gas, 
and liquid oil handling equipment described 
in detail in Section 5.1. It was used 
principally for retorting- process studies 
and operation planning for the Semi-Works 


Plant. 


Pour Point 2 The congealing temperature of oil as tested 
by prescribed ASTM procedure. 


Pyrolysis - The thermal decomposition of kerogen starting 
at approximately 500°F and rapidly reaching 
complete decomposition at 900 F. 


Refluxing - Condensation of oil vapors on shale descending 
towards the retorting zone. 


Retort = A kiln or vessel for heating oil shale to 
temperatures to form oil and gas products. 
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Retorted Shale 


The residue from the retorting of oil shale 
composed of inorganic minerals and residual 


carbon from pyrolysis of kerogen. 


Run = 


SCF % 


Seal (rotary) - 


Semi-Works Plant - 


Shale size range - 


Standard deviation - 


Standby Period = 


Startup = 


Temperature = 
Proifle 


An operation or series of operations having 
the same objective or purpose. 


Standard cubic feet of gas. The measured 
volume is converted to the volume at 60 
degrees Fahrenheit and 14.7 pounds per 
square inch absolute pressure. 


A device for passing solid particulate 
matter and simultaneously preventing the 
passage of gas into or out of the retort. 


Oil shale processing system of a vertical 
kiln (retort) with associated solids, gas 

and liquids oil handling equipment described 
in detail in Section 5.2. It is structurally 
and functionally equivalent to a commercial 
oil shale processing plant. 


The size range of shale particles, as 

used in the test data. This is measured by 
minimum square opening of the top and bottom 
deck screens in the crushing plant during 
the preparation of the raw shale in question. 


A statistical measure of the spread or 
variability of data. In normally distributed 
data of an adequate population, two thirds 

of the data will be included in band plus 

and minus one standard deviation about the 
mean. 


A period in retort operations (from minutes 
to several hours duration) where flows of 
shale and processing gas and air are stopped. 
Retained heat in the shale bed permits 

a resumption of operations by restarting 
process flows. 


A planned stepwise procedure for the 
transition from a cold static bed of shale 
in the retort to a continuous stable 
retorting operation. 


The vertical temperature gradient through 
the retort bed as measured by the 
temperature-pressure probe assembly. 
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Test Period - ‘A continuous period of time of stable opera- 
tions during a retort run where operating 
data and laboratory results are obtained 
and summarized. 





Thermal Oxidizer - A gas incinerator for the disposal 
of gas with excess air and supplemental 
fuel if required. 


Top Gas (air) - Gas (air) quantity to the top distributor. 
A vertical vessel for continuous counter- 


current processing of granular solids with 
gas. 


Vertical Kiln 


Void Space = In a bulk of crushed and screened solid mater- 
ial, the volume of air space is called the 
void space. It is about 40% of the entire 
volume. 


Weighbelt 


Conveyor scales. 
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APPENDIX H 
LIST OF ABBREVIATIONS 


(degrees API) Specific Gravity of oil measured 
on the scale defined by the American Petroleum 
Institute 

Argon. 

Bottom sediment 

Bottom 

British Thermal Unit 


Liguid hydrocarbon mixtures with components having 
5 or more carbon atoms 


(distri) distributor 


mean particle size of mist (in microns) 
See Laboratory Report, Volume 4° 


degrees Fahrenheit 
Fischer Assay 

Gallons (U.S.) per minute 
Gallons Per Ton 


Pounds of raw shale per square foot of the vessel 
inside diameter per hour 


Pounds per thousand standard cubic foot 
middle 

Outside diameter 

Pilot Plant 


Mined oil shale which has been crushed and screened. 
Retort feed is a synonym 


Raw shale 
Standard cubic feet per ton of raw shale 


Saybolt Universal Seconds. 
A test for viscosity. 


Semi-Works 


Ton: (7) - short ton: 2000 pounds 
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Tons per hour 


Weight percent 
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